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ABSTRACT
PROCESSES AFFECTING THE BEHAVIOR OF REDOX-SENSITIVE 
CHEMICAL SPECIES IN CHESAPEAKE BAY
Maria Lourdes San Diego-McGlone 
Old Dominion University, 1991 
Director: Dr. Gregory A. Cutter
Traditionally, estuarine flux calculations have 
assumed steady state and tidally averaged conditions.
These assumptions cause two potential problems: one, this 
approach is unable to resolve the mechanistic details of 
the processes involved and two, estuaries are dynamic 
environments in which a wide range of biogeochemical 
processes occur on time scales of hours to months. Several 
processes can affect long-term (seasonal) and short-term 
(hourly) variations in the chemical composition of an 
estuary, including (1) biogeochemical reactions in the 
water column, (2) advective transport, and (3) diffusion 
from underlying sediments.
Estuarine biogeochemistry may also be affected by 
redox reactions. The purpose of the study was to establish 
whether estuarine redox reactions are controlled by a 
complex interaction of processes 1 to 3, and whether these 
reactions subsequently affect the fluxes of redox sensitive 
chemical species through the Bay. To investigate this, 
short-term and long-term studies were conducted in the
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changing redox environment of the Chesapeake Bay. The 
redox species examined include those which directly and 
indirectly participate in redox cycling. Redox species 
directly involved in redox cycling include oxygen, iron, 
manganese, hydrogen sulfide, nitrogen species, arsenic and 
antimony species, while phosphate is indirectly involved in 
redox cycles. Silicate was used as a non-redox tracer.
For the short-term study, a Lagrangian drifter was 
used to track a parcel of bottom water, and thus allow 
monitoring of in situ water column processes and sediment- 
water exchange (i.e., influence of advection minimized).
In addition, a fixed (Eulerian) station was established to 
integrate processes 1 to 3. Porewater profiles of the 
different redox species were utilized to calculate 
sediraent-water exchange rates, seasonal (long-term) 
changes in porewater and water column profiles, as well as 
horizontal transects along the salinity gradients, were 
used to calculate fluxes and establish the coupling between 
benthic inputs and the inventory of redox sensitive 
chemical species in bottom waters of the Bay.
Estuarine modeling was used on the long-term 
(seasonal) data sets from the upper Bay to estimate 
riverine and estuarine (output and internal) fluxes.
During summer, there was estuarine flux (internal 
production) for ammonia, phosphate, iron, manganese, and 
silicate. A comparison of these estuarine fluxes and 
benthic fluxes from cores taken in the upper Bay showed
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that the total flux of materials produced within this 
portion of the estuary is strongly influenced by sediment- 
water exchange, particularly for ammonia (up to 100%) and 
phosphate (up to 100%). This was also the case for the 
metals, iron and manganese, (100%) during summer. Benthic 
flux of silicate was a more important contribution to the 
estuarine flux of silicate (10 to 15%) in summer.
The mechanistic details of the coupling of the 
transport and in situ biogeochemical processes mentioned 
above (processes 1 to 3) were closely examined by the 
short-term study. At the fixed station, large hourly 
variations in the concentration of redox species indicate 
that advection controls Eulerian behavior. Advective flux 
was estimated from horizontal gradients, established from 
spatial variability of the benthic flux along the drifter 
track, and the calculated current velocity. From the 
Lagrangian study, maximum concentrations usually occurred 
when the water mass passed over areas with higher benthic 
fluxes. This was illustrated by the behavior of sulfide, 
manganese, and arsenic. Overall, the concentration of 
redox sensitive chemical species were controlled by in situ 
reactions and benthic sources, but the variability in 
concentration at a fixed point was primarily due to 
advection.
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Chapter 1
INTRODUCTION
On a global scale, 85% of all dissolved and 
particulate weathering products must pass through the 
estuarine environment before entering coastal waters 
(Garrels and Mackenzie, 1971). Materials introduced by 
rivers may undergo various types of reactions during their 
transport in estuaries. These reactions include biological 
processes, flocculation and possible sedimentation, 
adsorption/desorption, diagenesis and remobilization (Troup 
and Bricker, 1975). Superimposed on these reactions are 
physical processes driven by tides, river flow, and 
resultant estuarine circulation patterns. Because of this, 
estuaries are complex environments in which a wide range of 
biogeochemical processes occur on time scales of hours to 
months. Overall, a variety of physical and biogeochemical 
processes can substantially affect the transport of 
materials through estuaries (Boyle et al., 1974;
Sholkovitz, 1976; Sharp et al., 1982; Kaul and Froelich, 
1984).
In addition to the types of reactions mentioned above, 
estuarine biogeochemistry may also be affected by 
oxidation-reduction (redox) reactions occurring within the 
sediments and overlying water column. To a large extent, 
redox reactions are controlled by photosynthetic production
1
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and microbial decomposition of organic matter (Richards, 
1965). In estuaries it has been shown that the high rates 
of primary production and the relatively short residence 
time of particulate organic carbon in the water column 
bring about significant inputs of organic matter to the 
bottom waters and underlying sediments (e.g., Wollast,
1983). As a consequence, oxygen utilization due to the 
remineralization of this organic matter often exceeds the 
rate of its supply from advective and diffusive transport. 
This results in suboxic (oxygen concentrations <10 /imol/L) 
to anoxic conditions in the water column and sediments 
(Matisoff et al., 1975; Martens, 1978). Oxygen depletion 
and anoxia have been observed in bottom waters of several 
estuaries, including the Zaire River in Africa (van 
Bennekom et al., 1978), the Scheldt River in Belgium 
(Wollast and Peters, 1978), the Pettaquamscutt River in 
Rhode Island (Gaines and PiIson, 1972), and the Chesapeake 
Bay (Taft et al., 1980; Officer et al., 1984; Seliger et 
al., 1985). In Chesapeake Bay it has been postulated that 
anoxia is caused by enhanced water column stratification 
due to spring runoff and increased benthic respiration 
during higher spring/summer temperatures (Taft et al., 
1980; Officer et al., 1984; Seliger et al., 1985). Strong 
wind events in the fall decrease stratification, enabling 
surface waters with higher oxygen concentrations to reach 
the bottom. Other studies of the Chesapeake Bay have 
suggested that sub-oxic or anoxic conditions are not
2
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continuous during summertime and that short-term (hours to 
days) variability of dissolved oxygen may result from 
physical, biological, or chemical changes (Cutter et al., 
1985; Malone et al., 1986; Magnien, 1987; Breitburg, 1990; 
Sanford et al., 1990). Observed short-term variability of 
dissolved oxygen is often attributed to physical advection 
and re-aeration/mixing events (Malone et al., 1986; 
Magnien, 1987; Breitburg, 1990; Sanford et al., 1990), as 
well as changes in biological and chemical oxygen demand 
(Tijggen, 1979; Kemp et al., 1987; Malone et al., 1988).
In turn, these processes can have important ecological 
consequences, such as influencing the viability of oyster 
beds (e.g., Breitburg, 1990). In addition, short-term 
changes may also be an important consideration for 
measurements of long term variability (Sanford et al., 
1990). Therefore, it is not only important to determine 
how physical, chemical and biological processes can 
influence long-term or seasonal changes in redox 
conditions, but also to study the effects of these 
processes on short term variations in estuaries.
A schematic of the processes which may affect the 
behavior of chemical species such as oxygen and hydrogen 
sulfide in estuaries is given in Fig. 1.1. They include 
(1) sediment-water exchange, (2) in situ biogeochemical 
reactions in the water column, and (3) horizontal 
transport. Redox-sensitive chemical species are those 
chemical species that directly and indirectly participate
3
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Figure 1.1. A schematic of the processes affecting the 
spatial and temporal distribution of dissolved 
redox sensitive chemical species in estuarine bottom 
waters.
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in redox cycling. Redox species directly involved in redox
cycling include oxygen, iron, manganese, hydrogen sulfide,
nitrogen species, arsenic and antimony species. Although
phosphate does not participate in redox reactions,
phosphate is indirectly involved in redox cycles because of
its association with the metal oxides. Each of the
processes (1 to 3) mentioned above that can affect redox-
sensitive chemical species, will be discussed below.
Sedinent-Water Exchange
The type of redox reactions that occur in estuarine
sediments are determined by the energy flow within these
systems. The microbially-mediated degradation of organic
material proceeds using a series of electron acceptors,
starting with oxygen (Fig. 1.2). The process of
decomposition will follow this series until either all
«
electron acceptors are consumed or oxidizable organic 
matter is depleted. The sequence in which these electron 
acceptors are utilized indicates that they are consumed by 
bacteria in the order of decreasing energy per mole of 
organic carbon oxidized (Berner, 1980; Stumm and Morgan, 
1981). The idealized sequence of electron acceptors and 
the corresponding free energy change for these reactions is 
listed in Table 1.1. This redox sequence follows the model 
first proposed by Richards et al. (1965) and further 
developed by other researchers (e.g., Sholkovitz, 1973; 
Berner, 1974; Martens et al., 1978; Froelich et al., 1979; 
Reeburgh, 1983). While terminal electron acceptors such as
5
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Figure 1.2. Schematic distribution of electron 
acceptors and their Eh ranges in the porewaters of marine 
sediments (from Berner, 1980; Stumm and Morgan, 1981).





























Manganese Reduction Mn4+ 
Nitrate Reduction NO3
Iron Reduction Fe3 +
Eh Range fmVI 
+ 2 0 0  to +800 
+50 to +750 
+50 to +600 
-200 to +400
-500 to +50
Sulfate Reduction so42- -650 to -200
Table 1.1
Standard State Free Energy Changes for some Bacterial 
Reactions (from Berner, 1980)
Reactions3 AG (kJ/raol CH20)
CH20 + 02 — > C02 + H2 -475
5CH20 + 4HN03 — > 2N2 + 4HC03” + C02 + 3H20 -448
CH20 + 3C02 + H20 + 2Mn02 — > 2Mn+2 + 4HC03" -349
CH20 + 7C02 + 4Fe(OH)3 — > 4Fe+2 + 8HC03“ + 3HzO -114
CH20 + S04“2 — > H2S + 2HC03" -77
CH20 — > CH4 + C02 -58
a Data for CH20 and Mn02 are for sucrose and birnessite, 
respectively
7
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nitrate, and iron and manganese oxides can be used in the 
decomposition process, their concentrations in the marine 
system are much lower than sulfate, the second most 
abundant anion in seawater (28 mmol/L). Therefore, 
remineralization of organic matter under anoxic conditions 
in the marine environment is dominated by sulfate reduction 
(Berner, 1964; Goldhaber and Kaplan, 1974; Jorgensen,
1977) .
As a result of the decomposition of organic matter in 
anoxic sediments, nutrients such as ammonia and phosphate, 
and reduced ions such as Fe+2, Mn+2 and HS” are released 
into porewaters (Siever et al., 1965; Sholkovitz, 1973; 
Emerson, 1976; Berner, 1977; Aller, 1980a, 1980b; McCaffrey 
et al., 1980; Murray et al., 1978; Matisoff et al., 1981; 
Sundby et al., 1986; and others). This regenerative 
release brings about an increase in porewater 
concentrations of the dissolved decomposition products. 
Consequently, concentration gradients are established at 
the sediment-water interface, leading to the diffusion of 
these products from the sediments into the overlying water 
column.
The flux of nutrients from the sediments can be 
important in maintaining the productivity of estuaries and 
other coastal environments (Elderfield et al., 1981; Klump 
and Martens, 1981; Callender and Hammond, 1982; Hammond et 
al., 1985; Berelson et al., 1987). In Narragansett Bay, 
nutrient inputs from the sediments supply 80 to 100% of the
8
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nitrogen and phosphorus needed by phytoplankton (Hale,
1974, as cited by Presley and Trefry, 1980). Similarly, 
the flux of nitrogen from New York Bight sediments is over 
100% of that required for photosynthesis (Rowe et al.,
1975). In nearshore sediments such as those of the Long 
Island Sound, bottom fluxes supply 10-30% of the daily 
nitrogen and phosphorus requirements of phytoplankton in 
the overlying water column (Aller, 1980a). Thus, 
sedimentary nutrient fluxes have a direct effect on 
biogeochemical processes in the overlying water column.
Decomposition processes in the sediments also affect 
the cycling and distribution of elements adsorbed to iron 
and manganese oxides, including phosphate (Taft and Taylor, 
1976; Klump and Martens, 1987), and arsenic and antimony 
(e.g., Peterson and Carpenter, 1983; Andreae and Froelich, 
1984; Froelich et al., 1985). Under reducing conditions, 
iron and manganese oxides dissolve, causing adsorbed 
elements to be remobilized to the overlying water.
The processes described above and the estimates made 
in other estuaries give an indication of the potential 
significance of sediment-water exchange as a source of 
redox-sensitive chemical species to the water column. It 
is therefore essential to determine the spatial and 
temporal variability of this source in order to assess its 
importance to estuarine biogeochemistry.
In Situ Biogeochemical Reactions in the Water Column 
The sequence of reactions that describe
9
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remineralization processes in sediments are the same 
reactions occurring in the water column. The main 
difference is that in the water column of an estuary, the 
residence time of organic particles is shorter. Therefore, 
remineralization processes occur mainly in the bottom 
waters and sediments.
Several biogeochemical reactions in the water column 
are affected by changing redox conditions. They include 
respiration reactions in which the electron acceptors used 
depend on the ambient redox conditions (Richards, 1965), 
redox reactions that convert arsenic and antimony species 
(e.g., Bertine and Lee, 1983; Andreae and Andreae, 1989), 
precipitation of reduced iron and manganese under oxic 
conditions, and the dissolution of metal oxides when 
conditions become reducing (e.g., Eaton, 1979).
Furthermore, there are adsorption and desorption reactions 
in which phosphate and the metalloids (arsenic and 
antimony) participate in the redox cycling of metal oxides 
(e.g., Carpenter et al., 1978).
The water column is an important medium through which 
metals, metalloids, and nutrients are transported and 
undergo in situ biogeochemical reactions. Because of this, 
it is important to examine these redox-sensitive chemical 
species on a temporal basis to evaluate their behavior as 
conditions change.
Horizontal Transport
Estuaries are dynamic systems where physical processes
10
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such as circulation, stratification, mixing, and flushing 
are primarily affected by temporal changes in river 
discharge and wind patterns. In partially mixed estuaries 
such as Chesapeake Bay, these physical processes are 
classified according to the three time scales on which they 
occur (Itsweire and Phillips, 1987). The first 
classification is seasonal processes, which have time 
scales longer than a month. Seasonal processes are 
determined by solar heating and freshwater inflow, and 
generate the typical two-layer estuarine circulation and 
stratification. The strength of stratification affects the 
amount of vertical mixing between the two layers.
The second classification is short-term processes 
which operate on time scales of a tidal period to a month. 
Short-term processes include wind forcing, tidal 
variations, long-period internal waves, cross-bay seiching, 
fronts and plumes, and diurnal variation in heat flux. 
Lastly, there are short-term, small scale mixing processes 
with time scales of less than a tidal period. These 
processes include short-period internal waves and turbulent 
mixing. Itsweire and Phillips (1987) have stated that 
seasonal and short-term processes in an estuary control 
horizontal distribution, transport, and diffusion of water 
properties, while small-scale mixing processes control 
vertical distribution and exchange of water column 
properties (e.g., salinity, nutrients) and organisms.
The development of anoxic conditions in Chesapeake Bay
11
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is clearly a seasonal process, and early investigations 
primarily attributed its occurrence to benthic respiration 
and increased water column stratification (e.g., Taft et 
al., 1980). Other processes have been invoked that could 
also affect the onset of anoxia. These mechanisms include 
water exchanges between the mid-Bay and other portions of 
the Bay, internal recycling of organic material at the 
bottom, variations in river runoff, and the spring bloom of 
diatoms (Officer et al., 1984). Nonetheless, it is 
important to study changes in estuarine transport in order 
to understand how it might affect oxidizing or reducing 
conditions in the Bay, and how this, in turn, affects the 
distribution and fluxes of redox-sensitive chemical species 
in this system.
The purpose of this research was to identify how 
estuarine redox reactions are controlled by the complex 
interaction of physical and biogeochemical processes (Fig.
1.1), and to examine whether these reactions subsequently 
affect the fluxes of redox-sensitive chemical species 
through the estuary.
STUDY AREA
To examine the processes that affect estuarine 
transport and fluxes (Fig. 1.1), the Chesapeake Bay was 
chosen as the study area. The Bay has several features 
that make it an excellent natural laboratory in which to 
carry out these studies. Seasonal oxygen depletion has
12
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been observed in the deep basins of the mid-Bay, north of 
the mouth of the Potomac River (Taft et al., 1980; Officer 
et al., 1984; Seliger et al., 1985). Previous studies have 
also indicated that this is the region where redox 
conditions consistently change with season (Sanford et al., 
1990). The mid-Bay is the meso-haline section located 
between the Annapolis Bay Bridge and the mouth of the 
Patuxent River. Sediments in this region are fine grained, 
with an average organic carbon concentration of 3% (dry 
weight basis) in surface layers (Biggs, 1967). The mass 
sedimentation rate in the mid-Bay is 0.1-0.3 gm-cm_2-yr-1 
(Officer et al., 1984). Sediments in the mid-Bay are 
anoxic just below the sediment-water interface, and contain 
abundant sulfide in the porewaters and in the solid phases 
(e.g., Kluckhohn, 1990; Cornwell et al., 1990). Overall, 
organic matter remineralization in these sediments appears 
to be dominated by sulfate reduction (Matisoff et al.,
1975).
To set the stage for this research, some preliminary 
work done at the mid-Bay will be presented. The findings 
from these previous studies helped formulate the questions 
for this work.
PRELIMINARY STUDIES
The occurrence of low oxygen waters in Chesapeake Bay 
was reported in the 1930s by Newcombe and Horne (1938). 
These investigators found low to non-detectable
13
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concentrations of oxygen at a channel off the mouth of the 
Patuxent River. More recent work (Taft et al., 1980, 
Officer et al., 1984 and Seliger et al., 1985) indicated 
the existence of anoxic conditions over a larger region. 
According to Officer et al. (1984), summertime anoxia 
extended from the mid-Bay channel to the Susquehanna River. 
Seliger et al. (1985) reported "catastrophic" anoxia in the 
bottom waters of Chesapeake Bay, as indicated by the 
presence of hydrogen sulfide.
These observations prompted an investigation by Cutter 
et al. (unpublished data) of the Bay's redox environment 
from 1985 to 1987. In the mid-Bay only 5 of 20 stations 
showed low (<10 jrnol/L) to non-detectable oxygen 
concentrations along a transect taken in July 31-August 4, 
1985 (Fig. 1.3; Cutter et al., 1985). This was 
approximately 20% of the aerial extent of anoxia previously 
shown by Seliger et al. (1985), and roughly 20% of the 
total length of the Bay. Furthermore, at a given station 
(e.g., Stn. 12) oxygen concentrations ranged from non- 
detectable to 20 umol/L within a 24-hr period. The 
concentrations of hydrogen sulfide ranged from 0.1-2.1 
fim.ol/L in bottom waters, but was detected at only four 
stations (Fig. 1.4). Like oxygen, hydrogen sulfide 
concentrations varied up to 90% over a 24-hr period at one 
station (Stn. 12; Fig. 1.4).
The results from the 1985 study indicated potentially 
large temporal variability in the chemical composition of
14
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Figure 1.3. Transect of dissolved oxygen 
concentrations in bottom waters of the Bay, July 
31 - August 4, 1985 (Culberson et al., unpublished data). 
Station numbers are shown in the lower axis.
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Figure 1.4. Transect of dissolved hydrogen sulfide 
concentrations in bottom waters of the Bay, July 31 - 
August 4, 1985 (Cutter et al., unpublished data). Station 
numbers are shown in the lower axis.
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bottom waters on a 24-hr time scale. In order to further 
examine this behavior using more frequent sampling as well 
as sediment studies, a July 1986 study included deployment 
of an in-situ sampler (Friederich et al., 1986) moored 2 m 
above the bottom, and collection of box cores. In the July 
16-20, 1986 transect of the Chesapeake Bay, oxygen 
concentrations were lowest in the mid-Bay (Fig. 1.5). 
Sulfidic waters were confined to the bottom 10 m of the 
water column, with a maximum concentration of 0.9 /imol/L 
(Fig. 1.6). This value was only 43% of the maximum 
hydrogen sulfide levels found in the previous year (Fig. 
1.4). Results obtained from the in-situ sampler at Station 
26 show large hourly variations in bottom water hydrogen 
sulfide from July 16-17, 1985 (Fig. 1.7). The periodicity 
in hydrogen sulfide concentration suggests a similarity to 
the tidal period. Specifically, maxima in hydrogen sulfide 
concentrations roughly correspond to times of slack tide. 
The concentration of porewater hydrogen sulfide just below 
the sediment-water interface was 4.6 mmol/L at Station 26. 
This concentration is almost three orders of magnitude 
greater than values in the bottom waters of the Bay for 
this sampling period. Some simple calculations were done 
to estimate the flux of hydrogen sulfide from the sediments 
to bottom waters (Table 1.2). These calculations indicate 
that diffusion of hydrogen sulfide from anoxic sediments 
may be a dominant source of hydrogen sulfide to bottom 
waters of the Bay.
17
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 1.5. Transect of dissolved oxygen 
concentrations in bottom waters of the Bay, July 
16-20, 1986 (Culberson et al., unpublished data). 
Station numbers are shown in the lower axis.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 1.6. Transect of dissolved hydrogen sulfide 
concentrations in bottom waters of the Bay, July 16-20, 
1986 (Cutter et al., unpublished data). Station numbers 
are shown in the lower axis.
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Figure 1.7. Temporal changes in dissolved hydrogen sulfide 
concentrations in bottom waters over a 40-hr period, taken 
July 1986 (see Figures 1.5 and 1.6 for location of Stn.
26). These data were collected at 2-hr sampling intervals 
with the moored sequential sampler 2m above the bottom 
(Cutter et al., unpublished data). S = slack tide
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Sulfide Fluxes to the Bottom Waters of Chesapeake Baya
Station 27 Station 28
HS“ (overlying water, /xmol/L) 7.5 0.49
HS~ (0-2 cm porewater, mmol/L) 4.6 0.36
Flux (mol/m2-sec)b 4.9X10-7 3.8x10
"Total" Flux (mol HS“/sec)c 191 15
Time to fill the bottom 10m with 
0.8 /imol/L HS (hr)d 4.6 58
a 1986 data, station numbers are shown in either Figs.
1.5 or 1.6.
b Fluxes are calculated using Fick's law where 0=0.85 and 
Dg=25xl0 cm2/sec.
c This is the flux into an area bounded by stations 26- 
29, area taken to be 3.91xl0“8m2. 
d Data from this sampling period indicates that the
bottom 10m are sulfidic, with an average sulfide 
concentration of 0.8 /mol/L.
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In June 28-30 1987, a similar sampling strategy as 
that in 1986 was used in the mid-Bay, along with water 
column sampling that used a sub-pycnocline drogue (see 
Chapter 2 for details). The drogue stays with a parcel of 
water and moves with this water mass. In so doing, in situ 
biogeochemical changes in that parcel of water and inputs 
from the sediments along the drogue’s track can be 
examined. Time series data show more temporal variability 
in hydrogen sulfide concentration for the fixed sampler 
than the drogue (Fig. 1.8). The maximum hydrogen sulfide 
concentration in 1987 (60 /unol/L) was an order of magnitude 
higher than the maximum value in 1986 (3 /mol/L).
Taken together, observations from the summers of 1985 
to 1987 demonstrate that the concentration of redox 
sensitive chemical species (e.g., oxygen and sulfur) in 
bottom waters of Chesapeake Bay are quite dynamic, and are 
potentially affected by sediment-water exchange, in situ 
biogeochemical reactions, and transport processes (Fig.
1.1). These results suggest that advection, diffusion and 
in situ reactions must be considered together. Hence, a 
more careful study was needed to fully resolve these 
different components.
OBJECTIVES OF THE STUDY
The main goal of this research was to examine how 
transport and in situ processes affect estuarine redox 
reactions and the estuarine fluxes of redox-sensitive
22
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Figure 1.8. Temporal changes in the concentration of 
dissolved hydrogen sulfide in the bottom waters of the 
Chesapeake Bay over a 40-hr period, taken in June 1987 
(sampling sites located close to Stn. 26, see Figures 1.5 
or 1.6). These data were collected at 2-hr sampling 
intervals with the sequential sampler moored 2m above the 
bottom and a drogue (Cutter et al., unpublished data).
S = slack tide
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chemical species. The specific questions addressed by this 
work include:
1) What are the physical factors (e.g., density 
stratification and residence time) which influence anoxia 
in Chesapeake Bay?
2) What are the effects of redox processes on the 
distribution and speciation of redox-sensitive chemical 
species in bottom waters of the Bay?
3) What is the importance of sediment-water exchange in the 
inventory of redox species in bottom waters of the Bay?
4) Do redox processes affect the fluxes of redox species 
within, as well as into and out of the estuary?
5) What is the relative importance of transport (primarily 
horizontal advection and sediment-water exchange) and in 
situ biogeochemical processes in controlling the 
concentration of redox-sensitive chemical species in bottom 
waters of the Bay?
In order to answer these questions several approaches 
were utilized. Two sites in the Chesapeake Bay were 
occupied at different times during the year to monitor 
spatial and temporal changes in redox conditions, and their 
subsequent effects on the distribution and speciation of 
redox sensitive chemical species. The two stations were 
called North (38°56'N, 76°23»W) and South (38°40'N and 
76°25'W) Stations, and were approximately 28 km apart (Fig. 
1.9). These stations were sampled ten times during a one 
year period. Sampling dates: 9-10 February, 1988; 12-13
24
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 1.9. Map of Chesapeake Bay with the stations North 
(N) and South (S) used for the seasonal study. Station F 
was established for the short-term time series for August 
1988.
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April, 1988; 14-15 June, 1988; 6-7 July, 1988; 26-27 July, 
1988; 21-22 September, 1988; 24-25 October, 1988; 19-20 
December, 1988; and 14-15 February, 1989.
To examine the first question, long-term (seasonal) 
changes in the physical (salinity and temperature) 
parameters were determined to establish the degree of water 
column stratification at various times during the year. 
River discharge data, stratification, and other physical 
parameters were then related to ensuing changes in the 
concentration of dissolved oxygen in bottom waters of the 
mid-Bay.
In order to answer the second question, several redox- 
sensitive chemical species including oxygen, sulfur, iron, 
manganese, nitrogen, arsenic, and antimony were examined. 
The absence of detectable oxygen signaled the onset of 
anoxic conditions in the Bay. The presence of hydrogen 
sulfide indicated that sulfate reduction is occurring in 
the water column and sediments. Changes in the 
concentrations of nitrate, nitrite, and ammonia also helped 
describe redox conditions in the water column. Nitrogen 
species are redox-sensitive species that are important for 
biotic production in the Bay. Under suboxic conditions, 
nitrate was utilized as an electron acceptor in 
respiration. Nitrite and ammonia are by-product of suboxic 
and anoxic respiration. Dissolved iron and manganese were 
utilized to monitor specific processes such as the 
dissolution of their oxides under anoxic conditions and
26
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
precipitation of these oxides under oxic conditions. While 
phosphate may not directly participate in redox reactions, 
it is associated with the metal oxides. Thus, metal oxide 
cycling affects this important nutrient. The speciation of 
arsenic and antimony were used as indicators of changing 
redox conditions in estuaries (e.g., Sanders, 1985; Bertine 
and Lee, 1983). Similar to phosphate, these metalloids may 
be associated with the cycling of the metal oxides.
Arsenic is also of interest since its oxidized form, 
arsenate, is toxic as a result of its chemical similarity 
to phosphate. Silicate is not a redox-sensitive element, 
but it was utilized as a nutrient tracer that is unaffected 
by redox processes.
To address the third question, box cores were obtained 
and porewaters analyzed for redox-sensitive chemical 
species. Linear gradients of concentration at the 0-2 cm 
section were used to estimate porewater fluxes to the 
overlying water column. From these calculations, the 
contribution of sediment fluxes in controlling the 
concentrations of redox sensitive elements in bottom waters 
of the Bay was assessed.
To examine the fourth question, existing data on the 
concentrations of nutrients, metals, and metalloids along a 
series of estuarine transects (in addition to results 
obtained here, nutrient data courtesy of EPA and metals 
data from E. Sholkovitz) were used to calculate riverine 
fluxes and fluxes through the mid-Bay for a period of one
27
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year. The difference between riverine and estuarine fluxes 
was taken to be equal to the internal fluxes. Sediment 
diffusive fluxes obtained from this study were then 
compared with the calculated internal fluxes to determine 
the relative importance of benthic inputs. By doing so, 
processes 1 and 2 of Fig. 1.1 were assessed under changing 
redox conditions.
In order to address the fifth question, short-term 
Lagrangian and Eulerian sampling experiments were 
conducted. The Lagrangian study used a drogue to mark a 
parcel of water. Since the drogue followed the same parcel 
of water, the influence of advection was minimized, if not 
completely eliminated. Thus, as the drogue stayed with 
this parcel of water in situ temporal changes in the 
chemical properties of this water mass (process 2 in Fig.
1.1) and inputs from the sediments along the drogue track 
(process l) were observed. Box cores were also collected 
from different locations along the drogue track to quantify 
the role of fluxes across the sediment-water interface. A 
comparison of the data from the Lagrangian study and the 
sediment-water flux results allowed processes within the 
water column to be resolved. For the Eulerian study, 
samples were taken at 2-hr time intervals at a fixed 
station (Stn. F, Fig. 1.9) located between North and South 
Stations (38°51.32,N, 76°24.34*W). This sampling scheme 
provided information regarding the total changes in the 
bottom waters (i.e., the sum of processes 1-3, Figure 1.1).
28
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
From results obtained with these sampling strategies, the 
relative importance of each of the processes in Figure 1.1 
that control the concentrations of redox sensitive chemical 
species in estuarine bottom waters was evaluated.
In order to present the results of the research, the 
remainder of this dissertation is divided into five 
chapters. Chapter 2 describes the sampling and analytical 
methods used. Chapter 3 examines sediment-water exchange. 
Chapter 4 focuses on in situ redox reactions in the water 
column, while the short-term time series are evaluated in 
Chapter 5. Finally, Chapter 6 gives a summary of the 
research and the major conclusions.
29
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Chapter 2
Sampling and Analytical Methods 
INTRODUCTION
In order to examine redox processes in the water 
column and sediments, it is necessary to utilize sampling 
methods which minimize contamination, as well as artifacts 
from oxidation and reduction. Furthermore, the analytical 
techniques should be precise and sensitive enough to detect 
trace concentrations, and they must be capable of 
determining various oxidation states of the elements. This 
chapter outlines the methods that met these requirements.
SAMPLING METHODS
Water Column Sampling
Water column samples, as well as temperature and 
salinity measurements, were obtained using a CTD/rosette 
system. The samples for oxygen and sulfide determinations 
were taken using 10 L Niskin bottles (General Oceanics). 
Samples for nutrients, iron, manganese, arsenic and 
antimony analyses were drawn through polypropylene tubing 
(Bev-a-line) using a peristaltic pump (Masterflex) and 
filtered through Millipore "Milli-Pak 100" cartridge 
filters (0.22 /ra Durapore membranes). Samples (10 ml) for 
sulfide analysis were filtered using 0.45 /ra membrane 
filters (0.25 mm, Nuclepore) and fixed with 1 ml of 1 mol/L 
Zinc acetate solution (Cutter and Oatts, 1987). Nutrient
30
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(nitrate, nitrite, ammonia, phosphate, silicate) samples 
were stored in a freezer immediately after collection, 
while those for arsenic and antimony determinations were 
quick frozen in liquid nitrogen. Samples (5 ml) for 
dissolved iron and manganese analyses were placed in 
polyethylene bottles and acidified to pH 2 with 6 mol/L 
HC1.
Sediment Sampling
Sediment cores were obtained using an all-acrylic, 
soft sediment box corer (Fabrau Company) which kept the 
uppermost portions of the cores undisturbed. Four sub­
cores were taken from these cores using 6-cm diameter 
acrylic tubes, which were then sealed at the top and bottom 
with rubber stoppers. Each sub-core contained 
approximately 30 cm of sediment, 15 cm of overlying water, 
and no headspace. Cores were kept cool (inside the air- 
conditioned laboratory) and upright until shipboard 
sectioning within 2-3 hours of collection. The sectioning 
process was done in a nitrogen-filled glove bag (I2R) to 
minimize oxidation effects. A diagram of the setup, 
modified from Shaw (1989), is shown in Figure 2.1. The 
glove bag is attached to a board that has an opening into 
which the core tube is inserted and clamped in position.
The sediment cores were extruded out of the tube using a 
piston connected to a threaded rod. This rod is attached 
to a handle which, when turned, enabled the piston to push 
the sediment core upward. This allowed incremental
31
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Figure 2.1. Sectioning apparatus for sediment cores.
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sectioning of the cores using acrylic rings (6 cm diameter) 
of varying heights (1.0 or 2.0 cm) that were placed on top 
of the core tubes. The sediments were extruded into these 
rings to get the desired sediment thickness. Each interval 
was cut using a thin, sharpened acrylic plate inserted 
between the tube and the ring. Each core was sectioned 
every 1 cm interval up to a depth of 10 cm, and then every 
2 cm below that depth.
While still in the glove bag, sediment sections (every 
1-cm section up to 8 cm depth) were placed in pneumatic 
porewater squeezers (Reeburgh, 1967) with 0.40 /urn 
polycarbonate filters (90 mm, Nuclepore) at the bottom of 
the squeezers. Approximately 20-40 ml of filtered 
porewater from each section were forced into 60-ml 
polyethylene syringes fitted with 3-way Luer-lok 
polycarbonate valves (Cole Palmer). Samples for sulfide 
analysis (volume varying from 200 /*1 - 5 ml depending on 
sampling month) were fixed with 1 ml of l mol/L Zinc 
acetate solution (Cutter and Oatts, 1987). A 5-ml aliquot 
was acidified to pH 2 with 6 mol/L HC1 (approx. 1 drop), 
and later used for total dissolved iron and manganese 
determinations. The remaining portions of each sample were 
used for nutrient (ammonia, phosphate and silicate) 
analyses and for the determination of arsenic and antimony 
species. These latter samples were frozen by immersion in 
liquid nitrogen.
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Lagrangian and Eulerian Sampling
The drogue used for the Lagrangian study was a 0.5 m 
diameter sea anchor and 10 kg weight suspended 22 m below a 
subsurface float (5 m) and a surface buoy with radar 
reflector and strobe light. The Eulerian station was 
marked with a moored buoy. The drogue was initially 
deployed at the location of the fixed station (Fig. 1.9). 
Using the R/V Holton (ODU), the drogue was then followed 
and bottom waters (22 m) collected in proximity of the 
drogue every two hours. After drogue sampling, the ship 
returned to the fixed station to obtain samples at 22 m 
depth. In this manner, samples at the moored station and 
the drogue were taken alternately every hour for a period 
of two days. Water was collected using 5 L Go-Flo bottles 
(General Oceanics) and pressure filtered with nitrogen 
through 0.45 /m filter cartridges (Gelman). Sample types 
and processing were the same as those described above.
SAMPLE ANALYSIS
Similar methods were used for water column and 
porewater analyses of sulfide, iron, manganese, arsenic, 
and antimony. Hydrogen sulfide was analyzed using the 
photoionization detection technique developed by Cutter and 
Oatts (1987), which has a detection limit of 12.7 nmol/L 
and a precision of 0.5% (relative standard deviation).
Total dissolved iron (Fe+2 and Fe+3) and manganese (Mn+2) 
were determined by flame atomic absorption spectrometry
34
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using a Varian 1275. The detection limit is 0.1 /imol/L for 
both metals, with precision of 5% (RSD). The selective 
hydride generation and gas chromatography-photoionization 
detection technique described by Cutter et al. (1991) was 
used to determine As(V), As(III), Sb(V) and Sb(III). The 
detection limits are 10 pmol/L for arsenic and 3.3 pmol/L 
for antimony. The precision for both metalloids is 3%
(RSD).
Dissolved nitrate, nitrite, ammonia and phosphate in 
water column samples and silicate in both porewater and 
water column samples were determined using methods based on 
Strickland and Parsons (1972), and modified for the Alpkem 
Rapid Flow Analyzer. The detection limit is 0.4 /imol/L for 
nitrate and 0.06 /mol/L for nitrite. The precision for 
both nitrate and nitrite is 0.5% (RSD). Detection limits 
for ammonia and phosphate are 0.1 /imol/L (precision is 8% 
RSD) and 0.04 jtxmol/L (precision is 5% RSD), respectively. 
Dissolved silicate has a detection limit of 0.1 /imol/L and 
the precision is 0.5% (RSD).
Ammonia and phosphate analyses for porewater samples 
were determined using the spectrophotometric methods of 
Gieskes (1973). These methods are similar to those used 
for water column samples, except for some modifications to 
account for higher concentration and smaller sample size. 
Detection limits for these methods are 2 /imol/L for ammonia 
and 0.1 /imol/L for phosphate. Precision for both ammonia 
and phosphate is 3% (RSD).
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Salinity was determined using a Minisal model 2100. 
Dissolved oxygen was determined using the Winkler method 
(Carpenter, 1965). The detection limit of this method is 
10 /imol/L and precision is 1% (RSD).
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A large part of the remineralization of organic matter 
in estuaries takes place in the sediments. This is a major 
recycling pathway that can supply a significant fraction of 
the nutrient requirements for primary producers in 
overlying waters (e.g., Elderfield et al., 1981; Klump and 
Martens, 1981). In addition to nutrients, other products 
of microbially-mediated reactions such as reduced forms of 
dissolved iron, manganese, and sulfur are also transported 
across the sediment-water interface (e.g., Aller, 1980b; 
Sundby et al., 1986). Furthermore, metalloids such as 
arsenic and antimony may be involved with the cycling of 
iron and manganese, and can be released with these metals 
(e.g., Peterson and Carpenter, 1986). By determining the 
benthic flux of nutrients and reduced species, a 
quantitative understanding of the coupling between 
sediments and the overlying waters can be achieved. Due to 
the temporal nature of remineralization processes, changes 
in porewater concentration and benthic fluxes were 
determined for a period of one year at two sites in 
Chesapeake Bay.
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RESULTS
General Redox Features
The changes in bottom water oxygen are described in 
Chapter 4, but a brief description of its behavior will be 
mentioned here. There was a decrease in dissolved oxygen 
at North and South Stations from February to April 1988, 
and in June 1988 oxygen was absent in the bottom waters. 
Within the sampling resolution this anoxic condition lasted 
until September 1988, after which bottom waters became oxic 
in October 1988.
Color changes in the upper layers of sediment cores 
were examined as a qualitative indicator of oxic/anoxic 
conditions in the sediments (e.g., Lyle, 1983). In 
February at North Station, there was a 0.5 cm brown layer 
of oxic sediments over 2 cm of a grayish-green layer. 
According to Lyle (1983), the greenish hue is indicative of 
a more reducing environment. Below these upper layers were 
black, anoxic sediments. In April 1988 the sediment core 
at this station had a 1 cm brownish-green upper layer, and 
from June 1988 to September 1988 the cores were all black. 
When the bottom waters became oxic again in October 1988, 
there was a 0.5 cm brown upper layer over 2.5 cm of 
brownish-green sediments. The brown oxic layer was 1 cm in 
December and widened to 2.5 cm by February 1989. These 
results indicate that only the top 3 cm of sediments at 
North Station undergo anoxic and oxic variations, while 
sediments below 3 cm remain anoxic throughout the year.
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At South Station, color changes in the cores were 
slightly different than those at North Station. In 
February 1988 there was 0.5 cm of brown oxic layer over 5 
cm of brownish-green sediments. The brown upper layer 
became restricted to the upper 0.5 mm in April 1988. In 
June there was a 0.5 cm of grayish-green sediments over 
black anoxic sediments. Sediments collected from July 1988 
to September 1988 were all black. When bottom waters 
became oxic in October 1988, there was a 1.5 cm brown layer 
on top of black sediments. The brown layer was also 1.5 cm 
thick in the December 1988 and February 1989 cores.
Overall, sediments at South Station undergo oxic/anoxic 
changes in the 0 to 5 cm section throughout the year, while 
sediments below 5 cm are permanently anoxic.
Porewaters
In general, early diagenetic reactions in coastal 
environments take place in the upper section of the 
sediments (e.g., Goldhaber et al., 1977; Sayles, 1979).
This is where most benthic organisms are found, and where 
exchange rates of dissolved and particulate material 
between sediments and overlying water are largely 
controlled (Aller, 1980a). Based on color changes of the 
sediments at North and South Stations, redox reactions vary 
in the upper 5 cm of these sediments. Concentration 
gradients across the sediment-water interface are also 
established in the upper portion of the sediments (Berner, 
1980). In this study, concentration gradients needed for
39
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flux calculations were estimated close to the sediment- 
water interface (top 2 cm) where gradients are largest.
The temporal changes in the porewater concentrations of 
several redox-sensitive chemical species and silicate in 
this upper section are described below.
Hydrogen Sulfide
For North and South Stations, highest sulfide 
concentrations were observed in the summer, and the lowest 
concentrations were found in winter (Figs. 3.1-3.2).
In February 1988, only North Station had detectable 
hydrogen sulfide in the top 2 cm. As bottom water 
temperatures increased (Fig. 3.3), there was continuous 
build-up of hydrogen sulfide at these depths.
Concentrations increased to 500 nmol/L in July at North 
(Fig. 3.1) and South Stations (Fig. 3.2). Highest 
concentration in the upper 2 cm was reached in September 
(2700 /imol/L) at South Station versus July (500 jumol/L) for 
North Station.
Iron and Manganese
Highest porewater concentrations of dissolved iron at 
both stations were generally found in the upper 4 cm of the 
sediments, with concentrations decreasing below this depth 
(Figs. 3.4-3.5). Porewater iron concentrations for 
February 1989 were much higher (two orders of magnitude) 
than for February 1988. This is inconsistent with redox 
trend in porewater iron from summer to winter, which is an 
indication that the samples may have been contaminated.
40
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Figure 3.1. Porewater profiles of hydrogen sulfide at 
North Station.
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Figure 3.2. Porewater profiles of hydrogen sulfide at 
South Station.
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Figure 3.3. Bottom water temperatures at North and 
South Stations.
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Figure 3.4, Porewater profiles of dissolved iron at North
Station.
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Figure 3.5. Porewater profiles of dissolved iron at South
Station.
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Therefore, they will not be evaluated further. Maximum 
iron concentrations of 103 /unol/L and 70 pmol/L were 
detected in the upper 2 cm of the October 1988 cores at 
North Station (Fig. 3.4) and South Station (Fig. 3.5), 
respectively. Minimum concentrations were determined in 
summer at both stations.
There was a general increase in porewater manganese 
concentrations with depth in summer at North (Fig. 3.6) and 
South (Fig. 3.7) Stations, while manganese concentrations 
in the fall decreased below 2 cm at both stations. Maximum 
manganese concentrations in the upper 2 cm were 620 /imol/L 
in October for North Station and 390 /xmol/L in April for 
South Station.
Ammonia
Ammonia profiles in North and South Stations showed 
distinct seasonal changes (Figs. 3.8-3.9). Porewater 
concentrations generally increased with bottom water 
temperatures (Fig. 3.3). The highest ammonia values in the 
upper 2 cm were 1500 jumol/L in October for North Station 
(Fig. 3.8), and the same concentration in September for 
South Station (Fig. 3.9). Minimum concentrations (Fig.
3.9) were determined in the winter cores (e.g., February 
1989).
Phosphate
There was a seasonal trend for phosphate at North 
(Fig. 3.10) and South (Fig. 3.11) Stations. Minimum 
concentrations were observed in winter, after which there
46
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Figure 3.6. Porewater profiles of dissolved manganese at
North Station.
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Figure 3.7. Porewater profiles of dissolved manganese at
South Station.
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Figure 3.8. Porewater profiles of ammonia at North 
Station.
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Figure 3.9. Porewater profiles of ammonia at South 
Station.
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Figure 3.10. Porewater profiles of phosphate at North 
Station.
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Figure 3.11. Porewater profiles of phosphate at South
Station.
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was an increase in phosphate concentrations from winter to 
summer. Maximum concentrations in the upper 2 cm were 210 
/imol/L in June for North Station (Fig. 3.10), and 266 
/imol/L in September at South Station (Fig. 3.11).
Silicate
Below 2 cm silicate concentrations for the whole year 
ranged from 400-600 /xmol/L and had no characteristic 
changes with season (Figs. 3.12-3.13). However, in the 
upper 2 cm there was a seasonal trend where silicate values 
increased with increasing bottom temperatures (Fig. 3.3). 
Maximum values close to the interface (upper 2 cm) occurred 
in July, with concentrations of 480 fimol/L for North 
Station (Fig. 3.12), and 598 ^mol/L for South Station (Fig. 
3.13); minimum values were observed in winter.
Arsenic
There was an increase in As(V) concentration with 
depth in the 0-2 cm section at both stations for the whole 
year (Figs. 3.14-3.15). Maximum As(V) concentrations in 
this section were 775 nmol/L in October for North Station, 
and 600 nmol/L in December at South Station. Minimum 
concentrations in the upper 2 cm were found in winter at 
both stations.
The highest As(III) concentration in the upper 2 cm of 
North Station (78 nmol/L) was observed in April (Fig.
3.16). A maximum value of 109 nmol/L was found in 
September at South Station (Fig. 3.17).
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Figure 3.12. Porewater profiles of silicate at North
Station.
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Figure 3.13. Porewater profiles of silicate at South
Station.
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Figure 3.14. Porewater profiles of As{V) at North
Station.
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Figure 3.15. Porewater profiles of As(V) at South
Station.
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Figure 3.16. Porewater profiles of As(III) at North
Station.
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Figure 3.17. Porewater profiles of As(III) at South
Station.
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Antimony
Maximum Sb(V) values of 12 nmol/L (Fig. 3.18) and 6 
nmol/L (Fig. 3.19) were observed in the upper 2 cm in 
February 1989 at North and South Stations, respectively. 
There was no clear seasonal trend for Sb(V) concentrations 
at these stations.
Only a few of the sampling months had measurable 
Sb(III) in the upper 2 cm, in particular September and 
February 1989 (Figs. 3.20-3.21). For these months, the 
maximum concentration in the upper 2 cm was 0.9 nmol/L at 




Porewaters are sensitive indicators of diagenetic 
changes in the sediments. When diagenetic reactions occur 
close to the sediment-water interface, sharp concentration 
gradients are produced, and because of diffusion and 
advection, fluxes of dissolved species between sediments 
and overlying water occur. Porewater concentrations of 
redox-sensitive chemical species near the sediment-water 
interface of the mid-Bay exhibited pronounced seasonal 
patterns. At North and South Stations there was increased 
production of hydrogen sulfide, ammonia, phosphate, and 
silicate (non-redox) during spring and summer when 
temperatures in the overlying water increased. Similar
60
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Figure 3.18. Porewater profiles of Sb(V) at North
Station.
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Figure 3.19. Porewater profiles of Sb(V) at South
Station.
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Figure 3.20. Porewater profiles of Sb(III) at North
Station.
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Figure 3.21. Porewater profiles of Sb(III) at South
Station.
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temporal trends have been observed in other coastal 
environments, such as Long Island Sound (Aller, 1980a) and 
Cape Lookout Bight (Klump and Martens, 1981). The trends 
in these environments were attributed to increased 
microbial activity in the sediments. It is probably the 
case for Chesapeake Bay.
Porewater concentrations of iron and manganese in the 
upper sediments also showed temporal changes. There was 
build-up of porewater iron and manganese during spring as 
the redox boundary moved closer to the sediment-water 
interface, and in late summer when the redox boundary moved 
down the core. At the South Station, the maximum manganese 
concentration in the upper section was in April, while the 
maximum iron concentration occurred in October. Unlike 
South Station maximum porewater iron and manganese occurred 
simultaneously at North Station.
Redox species such as phosphate and arsenate can also 
be cycled with the metal oxides. By utilizing Redfield 
stoichiometry, it is possible to differentiate phosphate 
and arsenate derived from oxides versus that from organic 
matter regeneration. Since ammonia is a product of organic 
matter remineralization, the amount of phosphate produced 
from regeneration processes alone was calculated from 
porewater ammonia concentration in the upper 1 cm and a N:P 
ratio of 16:1. The "predicted” phosphate concentration 
calculated in this matter was then compared to the actual 
porewater phosphate concentration (Table 3.1). In winter,
65
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Table 3.1
Comparison of porewater phosphate concentrations at 
0.5 cm and phosphate concentrations predicted from 
stoichiometry3 (in fj,mol/L)
North Station
Month Predicted Phosphate Porewater Phosphate
Feb 88 25 2
Apr 35 65
Jun 46 146
Jul 6 19 114




Feb 89 12 0.1
South Station
Month Predicted Phosphate Porewater Phosphate
Feb 88 4 3
Apr 7 0.2
Jun 19 53
Jul 7 19 75




Feb 89 5 1
a - used porewater ammonia concentrations at 0.5 cm 
and N:P ratio of 16:1
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actual phosphate concentrations were lower than those 
predicted from remineralization processes. This could be 
due to loss of phosphate from scavenging by metal oxides in 
surface sediments. This was shown in Long Island Sound 
sediments by Krom and Berner (1980), where phosphate was 
scavenged by iron oxides. During summer (June to 
September), actual phosphate concentrations at North and 
South Stations were 3-20 times higher than the predicted 
concentrations (Table 3.1). The difference between actual 
and "predicted" concentrations is attributed to phosphate 
released from the reduction of metal oxides. Thus, in 
addition to organic matter regeneration phosphate was also 
released from the dissolution of metal oxides.
In a similar manner, the amount of arsenate 
remineralized through decomposition processes was estimated 
using the "predicted" phosphate concentration from organic 
matter regeneration (above) and a reported As(V)/P04 ratio 
for organic matter of 7xl0-3 (Andreae, 1979; Sanders,
1985). The "predicted" arsenate concentrations were then 
compared to the porewater As(V) values (Table 3.2).
Results show that in winter, porewater arsenate 
concentrations were slightly lower than the "predicted" 
arsenate values. For the other months, "predicted" and 
actual concentrations were similar. These comparisons 
indicate that arsenic may participate in metal oxide 
cycling as well in organic matter regeneration.
Unlike arsenate and phosphate, there was no similarity
67
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Table 3.2
Comparison of porewater As(III+V) concentrations 
(0.5 cm) and arsenate concentrations predicted from 
stoichiometry3 (in /mol/L)
North Station
Month Predicted Arsenate Porewater As(III+V)
Feb 88 0.18 0.05
Apr 0.24 NS
Jun 0.32 0.24
Jul 6 0.13 0.13




Feb 89 0.08 0.03
South station
Month Predicted Arsenate Porewater As(II
Feb 88 0.02 0.01
Apr 0.01 0.04
Jun 0.05 0.05
Jul 7 0.10 0.11




Feb 89 0.03 0.02
a - used predicted porewater phosphate concentration 
(Table 3.1) and the As/P04 ratio of 7xl0*’3
NS - No sample
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in temporal trend between antimonate and phosphate in the 
uppermost sediments. This is probably due to the large 
ionic radius and lesser charge density of antimonate which 
make this metalloid species chemically different from 
arsenate and phosphate (Andreae and Froelich, 1984).
Benthic Fluxes
The flux across the sediment-water interface of a 
constituent dissolved in sediment porewaters is controlled 
by diffusion across the interface and advection due to 
porewater burial (Berner, 1980). The equation to determine 
flux is given as:
J = -0Ds (dC/dz)z=o + wCQ (1)
where J is the flux from the sediments to the overlying 
water, 0 is the porosity at the sediment-water interface,
Ds is the molecular diffusion coefficient, (dC/dz)z_Q is 
the gradient evaluated at the sediment-water interface, CQ 
is the concentration at the interface, and w is the burial 
rate of the sediments (Berner, 1980). In the mid-Bay the 
average porosity for the upper section of the sediments is 
0.90 cm porewater/cm total sediment (D. Burdige, pers. 
comm.). In the above equation, the advection term (wCQ) 
becomes very small because CQ is effectively zero relative 
to the porewater concentrations down the core. Klump and 
Martens (1981) have also noted that the advective term is 
less than 1% of diffusion for coastal environments. 
Therefore, only the diffusive term was considered in the 
flux calculations used here, and equation l reduces to
69
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(Berner, 1980):
J = -0Ds (dC/dz)z=o. (2)
The molecular diffusion coefficient is equal to UQ/<pF where 
F is the formation factor. It is expressed as F = l/<pm 
where m is approximately equal to 3 (Ullman and Aller,
1982). DQ is the temperature dependent, free solution 
diffusion coefficient of a solute (Li and Gregory, 1974). 
The diffusion coefficients used in this study were 
corrected for temperature changes (Li and Gregory, 1974).
Concentration gradients (dC/dZ) were estimated from 
the slopes of porewater concentrations at the 0 and 0.5 cm 
sections. In some cases, concentrations at 1.5 cm were 
included in the calculation for better approximation of the 
gradients (e.g., hydrogen sulfide gradients for July and 
September).
The temporal variability in the benthic fluxes of 
hydrogen sulfide, iron, manganese, ammonia, phosphate, 
silicate, arsenic, and antimony at North and South Stations 
are shown in Figs. 3.22-3.23. Tabulated data are given in 
Table 3.3. The errors in the flux estimates are due to a 
10% uncertainty (as RSD, Relative Standard Deviation) in 
porosity measurements (D. Burdige, pers. comm.), and from 
uncertainties in the concentrations used in determining 
concentration gradients. The average RSDs of the different 
species are 12% for the hydrogen sulfide fluxes, 10% for 
iron and manganese fluxes, 11% for ammonia and phosphate 
fluxes, 12% for silicate fluxes, 11% for arsenate and 14%
70
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Figure 3.22. Temporal variations of benthic fluxes at
North Station.
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Figure 3.23. Temporal variations of benthic fluxes at
South Station.
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Table 3.3
Benthic flux (/imol/m2-hr) data from North Station
Date Julian H,£• Fe Mn
days
Feb 9 88 40 0 2.4 + 0.2 60.0 + 0.6
Apr 12 88 102 0 1.7 + 0.2 25.3 ± 2.5
Jun 14 88 165 199.3 ± 23.9 6.4 ± 0.6 42.4 + 4.2
Jul 6 88 187 87.1 ± 9.6 7.5 + 0.8 46.2 + 4.6
Jul 26 88 207 99.1 ± 9.9 1.0 + 0.1 7.8 ± 0.8Sep 21 88 264 8.9 ± 1.0 -0.6 + 0.1 10.4 + 1.0Oct 24 88 297 0.1 ± 0.01 16.2 + 1.6 147.2 + 14.7
Dec 19 88 353 16.0 ± 2.4 2.4 + 0.2 2.7 + 0.3
Feb 14 89 410 0.6 ± 0.1 a 107.3 + 10.7
Date Julian
days
n h3 P04 sio4
Feb 9 88 40 219.4 ± 26.3 3.1 ± 0.3 37.5 + 3.7
Apr 12 88 102 378.5 ± 37.8 21.4 ± 2.1 74.3 + 12.8
J\in 14 88 165 646.2 ±64.6 52.7 ± 7.4 131.1 + 35.4
Jul 6 88 187 272.1 ± 29.9 21.0 ± 2.3 56.6 + 5.7
Jul 26 88 207 236.1 ± 26.0 21.2 ± 2.3 136.0 + 16.3
Sep 21 88 264 41.8 ± 7.5 5.5 ± 0.6 84.1 + 8.4









Feb 9 88 40 18.6 ± 2.2 3.5 ± 0.4 0.8 + 0.1
Apr 12 88 102 12.8 ± 2.0 12.4 ± 1.4 -0.03 + 0.003
Jun 14 88 165 113.1 ±13.6 1.0 ± 0.1 -0.5 + 0.05
Jul 6 88 187 51.3 ± 5.6 9.1 ± 0.02 0.4 + 0.04
Jul 26 88 207 36.1 ± 3.6 2.8 ± 0.8 0.3 + 0.06
Sep 21 88 264 4.7 ± 0.8 1.4 ± 0.2 0.4 0.04
Oct 24 88 297 124.0 ±13.6 23.5 ± 4.5 1.1 ± 0.2Dec 19 88 353 61.0 ± 6.1 0.5 ± 0.2 0.5 + 0.5Feb 14 89 410 5.2 ± 1.1 8.2 ± 1.0 4.8 ± 1.2
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Table 3.3 (continued)
Benthic flux (/imol/m2-hr) data from South Station
Date Julian H,Si Fe Mn
days
Feb 10 88 41 0 0.1 ± 0.01 1.1 + 0.1
Apr 13 88 103 0 4.6 + 0.5 93.6 ± 9.4
Jun 15 88 166 72.3 + 22.4 0.8 + 0.1 22.3 + 2.3
Jul 7 88 188 211.5 + 21.2 -0.1 + 0.1 40.9 + 4.1
Jul 27 88 208 64.6 + 7.6 1.1 ± 0.1 7.0 + 0.7
Sep 22 88 265 1388.0 138.8 1.5 ± 0.2 23.2 + 2.3
Oct 25 88 298 0.5 ± 0.1 19.9 ± 2.0 43.9 + 4.4
Dec 20 88 354 2.9 + 0.3 1.0 ± 0.1 16.7 + 1.7
Feb 15 89 411 0.3 + 0.03 a 22.6 + 2.3
Date Julian
days
n h3 p o4 sio4
Feb 10 88 41 39.0 ± 4.7 1.4 ± 0.1 23.7 ± 2.6
Apr 13 88 103 83.8 ± 8.4 0.1 ± 0.009 30.4 ± 3.0
Jun 15 88 166 120.4 ±12.0 19.2 ± 2.1 123.4 ±12.3
Jul 7 88 188 263.3 ± 36.9 26.9 ± 3.8 77.9 ± 7.8
jul 27 88 208 200.7 ± 20.1 19.0 ± 1.9 209.6 ± 2.1
Sep 22 88 265 508.5 ± 61.0 58.6 ± 7.0 166.2 ±16.6
Oct 25 88 298 154.1 ± 15.4 20.5 ± 2.0 88.4 ± 8.8
Dec 20 88 354 100.8 ± 11.1 25.0 ± 2.5 81.2 ± 8.1









Feb 10 88 41 8.3 ± 0.8 0.1 ± 0.01 0.3 ± 0.03
Apr 13 88 103 5.2 ± 0.7 0.1 ± 0.01 0.1 ± 0.01
Jun 15 88 166 22.3 ± 2.4 1.1 ± 0.4 -0.3 ± 0.03
Jul 7 88 188 12.4 ± 1.5 6.0 ± 0.6 0
Jul 27 88 208 13.5 ± 3.1 2.6 ± 0.3 -0.4 ± 0.04
Sep 22 88 265 69.8 ± 7.7 15.1 ± 2.4 0.1 ± 0.01
Oct 25 88 298 129.0 ± 12.9 9.7 ± 1.1 -0.2 ± 0.02
Dec 20 88 354 92.9 ± 9.3 0.1 ± 0.1 0.7 ± 0.1
Feb 15 89 411 11.2 ± 1.7 3.0 ± 0.3 0
a - Contaminated sample
b - Benthic flux of Sb(III) was 0 for the whole year.
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for arsenite fluxes, and 17% for antimonate fluxes.
Hydrogen Sulfide
Hydrogen sulfide was released from the sediments in 
summer when temperatures increased and bottom water oxygen 
had become depleted. The increase in hydrogen sulfide flux 
with decrease in bottom water oxygen at North and South 
Stations is shown in Figs. 3.24A and 3.25A, respectively. 
Hydrogen sulfide was unable to diffuse out during oxic 
conditions because bottom water oxygen was consuming the 
hydrogen sulfide flux. A maximum flux of 199 jraol/m2-hr 
was calculated in June for North Station and 1388 jimol/m2- 
hr in September for South Station. The range of hydrogen 
sulfide flux in the mid-Bay for summer (June to September) 
reported by others (Cornwell, pers. comm.) is 200-500 
/imol/m2-hr. The overall increase in hydrogen sulfide flux 
for the warmer summer months could be due not only to 
increased organic carbon deposition from the overlying 
water column during spring bloom, but also from increased 
respiration by sulfate reducing bacteria at higher 
temperatures (e.g., Jorgensen, 1977). In support of the 
latter, studies in Chesapeake Bay have shown that sulfate 
reduction rates increase by a factor of three for every 
10°C temperature rise (Tuttle et al., 1988).
There was clearly a difference in the temporal 
behavior of benthic hydrogen sulfide fluxes at North and 
South Stations. The maximum flux at South Station occurred 
much later in the year (September) and was also higher than
75
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Figure 3.24. Summary of temporal changes of the different 
remineralization processes at North Station: oxic 
respiration (as represented by bottom water oxygen/
/imol/L), metal oxide reduction (as represented by iron and 
manganese fluxes, /mol/m2-hr), and sulfate reduction (as 
represented by sulfide fluxes, fraol/m2-hr).
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Figure 3.25. Summary of temporal changes of the different 
remineralization processes at South Station: oxic 
respiration (as represented by bottom water oxygen,
/raol/L), metal oxide reduction (as represented by iron and 
manganese fluxes, /xmol/m -hr), and sulfate reduction (as 
represented by sulfide fluxes, jLtmol/m2-hr) .
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that at North Station (June). The difference may be due to 
factors such as the amount and quality of organic material. 
Based on the work of Hennessee et al. (1986), sediments in 
the vicinity of North and South Stations contain 2.3 to 
2.7% organic carbon. Kluckhohn (1990) reported slightly 
higher organic carbon and nitrogen content in the upper 5 
cm from cores taken near North Station (3.4% C and 0.4% N) 
than those near South Station (3% C and 0.3% N). The 
higher C/N ratio at South Station may indicate a more 
refractory nature of sediments at this site. This could 
explain the slower build-up of porewater sulfide at South 
Station. Overall, the variability in porewater 
concentrations and fluxes between the two stations is due 
to the spatial heterogeneity of sediments in the mid-Bay. 
Iron and Manganese
Benthic fluxes of iron at North Station ranged from 
-0.6 to 16 /mol/m2-hr (Fig. 3.22), and at South Station 
they were -0.1 to 20 /imol/m2-hr (Fig. 3.23). Negative 
values indicate flux into the sediments. The maximum in 
benthic flux at both stations occurred in October. The 
maximum manganese flux of 147 /xmol/m2-hr occurred at North 
Station in October (Fig. 3.22). At South Station there was 
a maximum flux of 94 timol/-m2-h r in April (Fig. 3.23). The 
range of fluxes at North and South Stations was 1-147 
/imol/m2-hr. These fluxes are similar to the fluxes (21-58 
/imol/m2-hr) reported for the northern Bay by Eaton (1979).
The temporal variation in benthic flux at South
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Station (Fig. 3.23) showed that the maximum benthic flux of 
manganese occurred in April, while the maximum flux for 
iron was determined in October. This is consistent with 
the succession of electron acceptors utilized in organic 
matter decomposition (Table 1.1). Of the two metal oxides, 
manganese (IV) oxides are more easily reduced (higher redox 
potential, Fig. 1.2) to Mn(II) and yield higher energy for 
respiration purposes than iron (II) oxides (e.g., Garrels 
and Christ, 1965; Froelich et al., 1979). This was the 
case at South Station. However, at North Station the 
maximum flux of iron and manganese simultaneously occurred 
in October.
Figs. 3.24 and 3.25 present a summary of temporal 
changes of the different remineralization processes at the 
two stations: oxic respiration (as represented by bottom 
water oxygen concentration), metal oxide reduction (as 
represented by iron and manganese fluxes), and sulfate 
reduction (as represented by sulfide flux). At South 
Station, the maximum in manganese flux was determined when 
bottom waters had low oxygen concentrations in April, and 
the maximum release of iron was detected in October (Figs. 
3.24 and 3.25). At North Station, the maximum flux of iron 
and manganese also occurred when bottom waters had low 
oxygen in October. The flux of iron and manganese across 
the interface are controlled by production (metal oxide 
reduction) and consumption (oxidation and precipitation). 
Thus, the occurrence of a net flux of iron and manganese in
79
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the presence of oxygen resulted from the predominance of 
production of these metals over consumption processes. The 
color changes observed in the uppermost sediments provides 
evidence to support this argument. The brown oxic layer 
present in February consumed most of the flux of iron and 
manganese across the interface. In the succeeding months 
(except during summer), there was appearance of a greenish 
hue in the topmost sediments. These were also the months 
when there was flux of iron and manganese across the 
interface. The greenish hue is an indication of a more 
reducing environment where both Fe(II) and Mn(II) are found 
in the porewaters (Lyle, 1983). When bottom waters became 
anoxic, sulfate reduction was the important 
remineralization reaction. This was evidenced by the 
increase in sulfide flux from June to September. There 
could still be iron and manganese diffusing across the 
interface from June to September, but these metals may have 
been consumed through precipitation with hydrogen sulfide. 
When bottom waters became oxic again after September, both 
iron and manganese oxide were once more the important 
electron acceptors.
Nutrients
Two benthic flux peaks were observed for ammonia and 
phosphate at North Station (Figure 3.22). At this station, 
646 pimol/m2-hr of ammonia diffused from the sediments in 
June and 520 /imol/m2-hr in October. The two peaks in 
phosphate fluxes were 53 j*mol/m2-hr (June) and 18
80
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/mol/m2-hr (December). At South Station, there was only 
one maximum flux for ammonia (508 /imol/m2-hr), which 
occurred in September. The maximum flux of phosphate at 
this station was 59 jumol/m2-hr (September). The first 
ammonia and phosphate benthic flux maximum that occurred in 
June at North Station could have resulted from an increased 
rate of organic matter remineralization arising from 
increased temperatures. This has been observed in 
sediments from Long Island Sound (Aller, 1980a), Cape 
Lookout Bight (Klump and Martens, 1981), and Changjiang 
River (Aller et al., 1985). The second maximum in benthic 
flux which occurred in the later part of the year at North 
Station may be from sediments with higher organic carbon, a 
result of a later bloom during summer (Flemer, 1970).
Aside from estimating fluxes using porewater 
gradients, sediment-water exchange can also be quantified 
using flux chambers (e.g., Elderfield et al., 1981). The 
nutrient fluxes reported by the Maryland Chesapeake Bay 
Water Quality Monitoring Program-Benthic Exchange and 
Sediment Transformations (Garber et al., 1989) were 
obtained using this method. A comparison between these 
reported chamber fluxes and those obtained in this study 
(from porewater gradients), is given in Table 3.4. Fluxes 
from two of the stations occupied by the Chesapeake Bay 
Monitoring Program, R-78 (38°58'N and 76°24'W) near North 
Station and R-64 (38°34'N and 76°26'W) near South Station, 
were compared to fluxes at North and South Stations,
81
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Table 3.4
Comparison of nutrient fluxes from porewater gradients 
(this study) and flux chamber experiments (Chesapeake Bay
Monitoring Program)
Ammonia
Month North Stn R-64 South Stn R-78
Apr 297 49 60 35
Jun 654 280 149 98
Jul 253 554 149 157
Oct 139 190 118 113
Phosphate
Apr 46 0 6 -0.7
Jun 63 57 14 10
Jul 19 45 13 15
Oct 24 0 21 8
Silicate
Apr 99 142 38 71
Jun 44 325 62 125
Jul 256 343 684 222
Oct 1 237 82 85
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respectively. In April, the calculated benthic fluxes of 
ammonia from this study were two to eight times higher than 
measured flux. Ammonia fluxes between R-78 and South 
Station compare better than the northern stations. There 
was a large difference in phosphate fluxes estimated using 
porewater gradients and flux chambers for oxic sediments 
(April and October). Phosphate fluxes calculated from 
porewater gradients can be overestimated during oxic 
conditions when the metal oxides at the sediment surface 
can scavenge the phosphate diffusing across the interface. 
In June and July, when bottom waters were anoxic, measured 
and calculated phosphate fluxes were comparable. The good 
agreement between these fluxes lends confidence to benthic 
fluxes from this study which were calculated from porewater 
gradients.
In addition to the Maryland chamber flux data, other 
nutrient chamber fluxes were determined for the Bay.
Ammonia fluxes of 88 /xmol/m2-hr in May and 562 /imol/m2-hr 
in August were reported by Boynton and Kemp (1985) for the 
mid-Bay. The ammonia fluxes measured by Kemp et al. (1990) 
were 46 /xmol/m2-hr (April) and 342 /raol/m2-hr (August). 
These fluxes are within the range of fluxes obtained in 
this study.
The maximum in silicate fluxes for both stations 
(Figs. 3.22-3.23) were observed when bottom water 
temperatures were high (end of July). Similar trends were 
reported by D'Elia et al. (1983) for Chesapeake Bay, and
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Aller and Benninger (1981) for Long Island Sound. The 
maximum flux at South Station (210 |imol/m2-hr) was found to 
be higher than at North Station (136 /imol/m2-hr). This may 
be due to South Station sediments reaching saturated 
concentrations (400-600 /xmol/L) at a shallower depth (0.5 
cm) than at North Station (1.5 cm). This resulted in a 
stronger porewater silicate gradient across the sediment- 
water interface at South Station than North Station. 
Silicate fluxes from flux chamber experiments (Table 3.4) 
were higher than from porewater gradients, particularly for 
the June (R-64) and August (R-78) cores. The range of 
silicate flux values reported by D'Elia et al. (1983) for 
Chesapeake Bay was 150-1800 /naol/m2-hr. Benthic fluxes 
determined from North and South Stations are within the 
range of these reported values.
Arsenic
There were two maxima in arsenate fluxes at North 
Station (June and October, Fig. 3.22) and one at South 
Station (October, Fig. 3.23). Maximum flux values at both 
stations ranged from 113-129 nmol/m2/hr. Arsenite fluxes 
show a maximum in October at North Station (Fig. 3.22) and 
July at South Station (Fig. 3.23). Maximum As(III) flux 
values were 24 nmol/m2-hr (North Station) and 15 nmol/m2-hr 
(South Station). Similar As(III)/As(V) ratios were 
determined for benthic fluxes and porewater concentration 
in the top 1 cm. The As(III)/As(V) ratio ranged from 0.006 
to 0.2 during oxic conditions and 0.01-0.2 under more
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reducing conditions (June to September). Based on 
thermodynamic predictions, the equilibrium ratio of 
As(III)/As(V) should be between 0.025 at pE 12.5, and 1031 
at pE -4 (pH 7.5 and K value of 7.9xl030 from Sillen,
1961). Upon comparison, porewater As(III)/As(V) ratios 
under oxic conditions (0.006-0.2) are in closer agreement 
with the thermodynamically predicted ratio (0.025 at pE 
12.5). However, the ratios during anoxic periods (0.01- 
0.2) are in disequilibria with the thermodynamically 
predicted ratio (1031 at pE -4). Porewater As(III)/As(V) 
ratios under oxic and anoxic conditions are both more 
similar to the predicted ratios for oxic rather than anoxic 
conditions. The disequilibrium between arsenate and 
arsenite under reducing conditions may be due to the slow 
reduction of arsenate to arsenite (Peterson and Carpenter, 
1986; Cutter, 1991). Sediments from other environments 
such as the Santa Barbara Basin have similar As(III)/As(V) 
ratios (Andreae, 1979).
A comparison of benthic fluxes of arsenic and 
phosphate at North and South Stations (Figs. 3.22-3.23) 
shows a similarity in temporal trends. At North Station, 
the first peak of As(V) coincided with the maximum in 
phosphate flux. The secondary maximum in As(V) flux 
coincided with a smaller phosphate flux as well as the 
maximum in As(III) flux. At South Station, the maximum in 
phosphate flux coincided with the maximum flux in As(V) and 
As(III). The similarity in phosphate, arsenate, and
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arsenite fluxes indicate that these redox species are 
involved with organic matter remineralization and metal 
oxide cycling.
Antimony
The highest benthic flux value for Sb(V) at North 
Station was 5 nmol/m2-hr (February 1989, Fig. 3.22), and at 
South Station it was 0.7 nmol/m2-hr (December, Fig. 3.23). 
Except for the flux in February 1989, the average flux at 
North Station was 0.4 nmol/m2-hr. This flux is within the 
same order of magnitude as the average flux at South 
Station (0.1 nmol/m2-hr). Just like in porewaters, there 
was dissimilarity in the behavior of antimony and phosphate 
fluxes. There was however, some similarity in the benthic 
flux of Sb(V) with iron and manganese particularly at North 
Station. This indicates that antimony may participate in 
metal oxide cycling but not in organic matter 
remineralization.
SUMMARY
The porewater and flux data presented above indicate 
that there are many similarities between North and South 
Stations both in the general type of diagenetic reactions 
taking place and the sequence of change in the sediment 
properties through time. There are major differences as 
well, particularly in the way the products of 
decomposition build up in the sediments, and the timing and 
the magnitude of their release into the overlying water.
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There was clearly a difference in the behavior of 
porewater hydrogen sulfide at the two stations. Although 
there was a slower build-up of sulfide at South Station, 
much higher concentrations were eventually reached at this 
station than at North Station. This resulted in higher 
flux of sulfide at South Station. These results show the 
spatial heterogeneity of sediments in the Bay. Porewater 
ammonia, phosphate, silicate, and hydrogen sulfide at the 
two stations also showed a seasonal pattern. There was an 
increase in concentration, with a corresponding increase in 
benthic flux, of these chemical species when bottom water 
temperatures were higher. As a result of increased 
metabolic activities during these months, iron and 
manganese concentrations and fluxes were also elevated. 
Porewater arsenate also exhibited seasonal changes.
Similar to phosphate, the increase in arsenate 
concentration may result from organic matter 
remineralization and metal oxide cycling.
The sequence of electron acceptors used by the 
uppermost sediments (0-5 cm) of the mid-Bay include oxygen, 
metal oxides, and sulfate. Products of these reactions 
build-up in the sediments and are potentially released to 
the overlying water. Maximum fluxes of iron and manganese 
occurred when there was low oxygen in the bottom waters. 
When bottom waters became anoxic, sulfate reduction was the 
important remineralization reaction. Based on these 
results, there is clearly temporal and spatial changes in
87
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porewater concentrations and benthic fluxes of the 
different redox-sensitive chemical species. These changes 
control the contribution of redox species to the bottom 
waters of the mid-Bay. The next chapter will not only look 
at how water column processes influence the behavior of 
redox-sensitive chemical species, but will also evaluate 
the importance of sediment-water exchange relative to these 
processes.
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Chapter 4
Water Column Processes 
INTRODUCTION
Several physical parameters can influence redox 
conditions in the Chesapeake Bay. In particular, river 
discharge, temperature, and salinity all control the 
density structure of this partially-stratified estuary. By 
simultaneously monitoring physical and chemical parameters 
over time, a better understanding of the influence of 
physical processes on chemical changes can be achieved. In 
turn, chemical changes can affect the distribution and 
transport of nutrients (nitrate, nitrite, ammonia, 
phosphate, and silicate), metals (iron and manganese), and 
metalloids (arsenic and antimony) in the changing redox 
environment of Chesapeake Bay. Thus, the temporal and 
spatial variability of these chemical species were assessed 
and quantified. Nutrient and trace element fluxes were 
obtained from surface water profiles to estimate their 
input, recycling and removal in the northern Bay. The 
fluxes of nutrients and trace elements calculated in this 
manner were then compared with benthic fluxes in Chapter 3 
to evaluate the significance of sedimentary sources.
RESULTS
Physical Parameters
Temperature profiles were obtained nine times over a
89
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one-year period at North (Fig. 4.1) and South (Fig. 4.2) 
Stations. Temperatures varied seasonally in the surface 
waters due to solar heating (Knauss, 1978). Surface 
temperature was lowest (0.7°C) in February 1988 and highest 
(29°C) in July 1988. Bottom water (25 m) temperatures 
followed a similar trend, with a minimum value of 2.3°C 
(February 1988) and maximum of 25.8°C (July 1988).
Depth profiles of salinity at North and South Stations are 
shown in Figs. 4.3 and 4.4, respectively. Surface water 
salinities ranged from 8 to 17 psu, and bottom salinities 
varied from 16 to 22 psu. Lowest surface salinities were 
observed in February 1988 to June 1988, while highest 
values were determined from October 1988 to February 1989.
Density profiles for North and South Stations from 
February 1988 to February 1989 are shown in Figs. 4.5 and 
4.6, respectively. The difference between surface and 
bottom densities (Table 4.1) was taken as a measure of 
water column stratification. Stratification was strongest 
from February 1988 to June 1988 and weakest from July 1988 
to February 1989 at both stations.
Chemical Properties 
Dissolved Oxygen
Dissolved oxygen profiles for North and South Stations 
are shown in Figs. 4.7 and 4.8, respectively, with 
tabulated values in Appendix A. Surface oxygen 
concentrations ranged from non-detectable to 335 #imol/L. 
Oxygen in the surface and bottom waters was highest in
90
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Figure 4.1. Water column temperature profiles at North
Station.
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Figure 4.2. Water column temperature profiles at South
Station.
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Figure 4.3. Water column salinity profiles at North
Station.
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Figure 4.4. Water column salinity profiles at South
Station.






















5 10 15 20 25 5 10 15 20 25
Feb 68
20
Apr 86 Jun 8B


























Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4.5. Density (sigma t) profiles at North Station.















































Jul 6 88 Jui 26 B8 Sep 88




5 10 15 20
20
30
Oct 8B Dec 88 Feb 89
95
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4.6. Density (sigma t) profiles at South Station.
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Table 4.1
Density3 (p) difference between surface and bottom waters
at North and South Stations







Jul 6 N 1.0062
7 S 1.0065






























a - density in g/ml; calculated from the equation of state 
of seawater at one standard atm pressure 
b - N = North Station, S = South Station 
c - at is calculated as (p-l)xlO
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Figure 4.7. Dissolved oxygen profiles at North Station.
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Figure 4.8. Dissolved oxygen profiles at South Station.
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winter (December to February) and lowest in summer, Taft 
et al. (1980) and Officer et al, (1984) reported similar 
bottom oxygen concentrations from winter to summer in the 
mid-Bay. Saturation values were calculated and are given 
in Appendix B. The top 5 m of the water column was 
saturated with oxygen throughout the year. Below 10 m the 
degree of saturation at both stations decreased during 
summer (June to September).
Hydrogen Sulfide
Dissolved hydrogen sulfide concentrations in the water 
column are shown in Fig. 4.9. Highest hydrogen sulfide 
concentrations were found towards the end of July, with a 
maximum value of 10.5 jxmol/L at North Station and 13 jzmol/L 
at South Station. These values were higher than the 
maximum concentration determined at mid-Bay in July 1986 (3 
/mol/L; Chapter l), but lower than the maximum value 
obtained in June 1987 (40 ymol/L; Chapter 1). Gavis and 
Grant (1986) reported summertime hydrogen sulfide 
concentrations of 13-14 /imol/L in the mid-Bay which are 
similar to those seen in this study.
Nutrients
Water column profiles of nitrate, nitrite, ammonia, 
phosphate, and silicate from February 1988 to February 1989 
at North and South Stations are shown in Figs. 4.10-4.19.
In general, surface water nitrate concentrations were 
highest in winter and lowest in summer (Figs. 4.10-4.11).
In addition, nitrate concentrations in surface waters were
100
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Figure 4.9. Water column hydrogen sulfide profiles at
North and South stations.
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Figure 4.10. Water column nitrate profiles at North
Station.
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Figure 4.11. Water column nitrate profiles at South
Station.
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higher than the bottom waters. The highest surface nitrate 
concentrations were 35-47 /xmol/L, while the highest bottom 
water nitrate concentration was 10 /xmol/L. The surface 
nitrate concentration reported by McCarthy (1975) and 
Fisher et al., (1988) are in agreement with the 
concentrations found in this study. Nitrite concentrations 
were also higher in the surface waters than the bottom 
(Figs. 4.12-4.13). Maximum surface (6 /xmol/L) and bottom 
(2 /xmol/L) nitrite concentrations were observed in October, 
while minimum surface (0.2 /xmol/L) and bottom (0.04 /xmol/L) 
values were found in July.
There was a general increase of ammonia concentrations 
with depth, especially from June to October (Figs. 4.14- 
4.15). The highest surface water ammonia concentration of 
10 /tmol/L was observed in April, while a minimum 
concentration of 0.3 /xmol/L was seen in July. A similar 
maximum value of 5 /xmol/L was reported by Fisher et al. 
(1988) for March in surface waters at mid-Bay sites.
Ammonia concentrations in the bottom waters were lowest in 
winter (2-4 /xmol/L) and highest in summer (23-30 /xmol/L) .
To illustrate nitrogen cycling in the mid Bay, the 
temporal distribution of the different nitrogen species (as 
% Dissolved Inorganic Nitrogen) for North and South 
Stations are given in Table 4.2. In the surface waters, 
the predominant form of dissolved inorganic nitrogen at 
North and South Stations was nitrate, except at the end of 
July and October when ammonia and nitrite were the more
104
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Figure 4.12. Water column nitrite profiles at North
Station.
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Figure 4.13. Water column nitrite profiles at South
Station.
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Figure 4.14. Water column ammonia profiles at North
Station.
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Figure 4.15. Water column ammonia profiles at South
Station.
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Table 4.2
Percent of Dissolved Inorganic Nitrogen 
in the Surface Waters
North Station
Month NO, NO, NH,
Feb 88 1 86 13
Apr 88 3 72 25
Jun 88 6 90 4
Jul 6 88 18 70 12
Jul 26 88 13 0 87
Sep 88 4 74 22
Oct 88 34 28 38
Dec 88 5 87 8
Feb 89 1 86 13
South Station
Month NO, N03 NH3
Feb 88 1 90 9
Apr 88 2 85 13
Jun 88 9 42 49
Jul 7 88 16 66 18
Jul 27 88 14 14 72
Sep 88 7 83 10
Oct 88 44 24 32
Dec 88 7 89 4
Feb 89 3 85 12
Percent of Disssolved Inorganic Nitrogen 
in the Bottom Waters
North Station
Month NO, n °3 NH,
Feb 88 3 55 o 41
Apr 88 3 66 31
Jun 88 1 0 99
Jul 6 88 0.5 0 100
Jul 26 88 0.4 0 100
Sep 88 31 0 69
Oct 88 16 5 79
Dec 88 8 52 40
Feb 89 5 40 55
south station
Month NO, N03 NH3
Feb 88 4 64 32
Apr 88 3 66 31
Jun 88 2 9 90
Jul 7 88 0.3 0 100
Jul 27 88 0.2 0 100
Sep 88 2 82 16
Oct 88 17 6 77
Dec 88 10 50 40
Feb 89 4 71 25
109
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abundant forms. In the bottom waters nitrate predominated 
in the winter months (50-70%), while during summer when 
bottom water oxygen had decreased, 90-100% of the inorganic 
nitrogen in the bottom waters was ammonia. These estimates 
show that nitrogen cycling in Chesapeake Bay is dynamic and 
appears tied to seasonal redox cycles.
Phosphate profiles show an increase with depth (Figs. 
4.16 and 4.17), particularly for the warmer months (July to 
September). Phosphate concentrations in the surface waters 
ranged from 0.04 jimol/L in winter to 0.7 jimol/L in summer 
at both stations. In the bottom waters, maximum 
concentrations of 2.6 /imol/L (North Station) and 1.9 jumol/L 
(South Station) were observed in summer, while minimum 
concentrations were found in winter. Taft and Taylor (1976) 
reported surface phosphate concentration for August of 0.05 
/xmol/L which increased with depth to 1.8 /xmol/L at a mid- 
Bay site. The concentration of phosphate in surface waters 
reported by Fisher et al. (1988) at the mid-Bay is 0.2 
/xmol/L. The concentrations seen by this study are within 
the range of these reported values.
Silicate concentrations in surface and bottom waters 
of North (Fig. 4.18) and South (Fig. 4.19) Stations were 
highest in summer. The range of surface silicate 
concentration for a one year period was 20 to 51 /xmol/L at 
North Station and 9 to 44 /xmol/L at South Station. In the 
bottom waters, the range of silicate concentration was 4 
/xmol/L in winter to 47 /xmol/L in summer. Water column
110
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Figure 4.16. Water column phosphate profiles at North
Station.
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Figure 4.17. Water column phosphate profiles at South
Station.
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Figure 4.18. Water column silicate profiles at North
Station.
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Figure 4.19. Water column silicate profiles at South
Station.
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silicate concentrations at a site close to North Station 
were reported by D'Elia et al. (1983) for July. They found 
an increase in concentration with depth from 12 /xmol/L at 
the surface to 24 /xmol/L at the bottom of the water 
column. These concentrations are lower than values seen by 
this study. Differences in river discharge, and uptake 
(i.e., primary production) and regeneration rates may have 
caused the difference in concentrations.
Iron and Manganese
Water column profiles of dissolved iron and manganese 
concentrations are shown in Figs. 4.20-4.23. There was an 
increasing trend in bottom water iron and manganese 
concentrations from winter to summer. Manganese 
concentrations subsequently decreased the following winter. 
However, the concentrations of iron did not decrease from 
October 1988 to February 1989. This was also found in the 
porewaters. As mentioned in Chapter 3, such a behavior is 
inconsistent with the expected redox trend in dissolved 
iron from summer to winter and may be an indication that 
the samples are contaminated. Thus, only the data from 
February 1988 to October 1988 will be discussed. Maximum 
surface iron concentration was 9 /xmol/L (September), with 
lowest value (0.5 /xmol/L) found in July. In the bottom 
waters, maximum iron concentrations of 11.3 /xmol/L (North 
Station) and 9.7 /xmol/L (South Station) were observed in 
September. Minimum iron concentrations occurred in July 
(1.1 /xmol/L) at North Station and April (2.1 /xmol/L) at
115
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Figure 4.20. Water column iron profiles at North Station.






























40 Jul 6 B8
20
30






















Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4.21. Water column iron profiles at South
Station.
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Figure 4.22. Water column manganese profiles at North
Station.
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Figure 4.23. Water column manganese profiles at South
Station.
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South Station. Similar surface iron concentrations at mid- 
Bay sites were reported by Gavis and Grant (1986).
Manganese concentrations in surface waters were 
generally lower than bottom waters, particularly during the 
summer (June-September; Figs. 4.22-4.23). In the surface 
waters, manganese concentrations ranged from 0.05 /imol/L 
(September) to 2.2 /xmol/L (June) at North Station (Fig. 
4.22), and 0.4 /imol/L (July) to 2 /imol/L (October) at South 
Station (Fig. 4.23). Bottom water manganese showed an 
increasing trend with low values in winter (1.2 /imol/L) and 
maximum concentrations in summer (12 /imol/L at North 
Station and 8 /imol/L at South Station) . Gavis and Grant 
(1986) reported an average of 10 /imol/L manganese in the 
bottom waters of the mid-Bay for June and July. Eaton 
(1979) showed a manganese profile for summer where 
concentrations increased with depth from 4 /xmol/L at the 
surface to 12 /xmol/L at the bottom at a site close to North 
Station. The concentrations seen by this study are in 
agreement with these reported values.
Metalloids
The profiles of arsenic and antimony species are 
presented in Figs. 4.24-4.27. At North and South Stations, 
the concentrations of As(III+V), or total inorganic 
arsenic, in surface waters were lowest in winter and 
increased in summer. High concentration values of 11 
nmol/L at North Station (Fig. 4.24) and 8 nmol/L at South 
Station (Fig. 4.25) were observed in the surface waters
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Figure 4.24. Water column arsenic profiles at North
Station.
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Figure 4.25. Water column arsenic profiles at South
Station.
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Figure 4.26. Water column antimony profiles at North
Station.
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Figure 4.27. Water column antimony profiles at South
Station.
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from July to September. Concentrations in the bottom 
waters were higher than surface waters during these months. 
From July to September, concentrations increased to as much 
as 16 nmol/L at North Station, and 12 nmol/L at South 
Station. Sanders (1985) determined an average As(III+V) 
concentration of 14 nmol/L (67% as arsenite) in the mid-Bay 
during summer. The concentrations observed by this study 
are in agreement with these reported values.
The range of As(III) concentration was 0.12-0.7 nmol/L 
in surface waters and 0.2-0.4 nmol/L at the bottom. These 
concentrations are 2-6% of the As(V) values. The average 
As(III) concentration (1.7 nmol/L) reported for July in the 
mid-Bay by Sanders (1985) was higher than the values seen 
in this study. There are no As(III) data from July to 
September at North and South Stations as a result of 
preservation problems. Thus, further comparisons with 
published results are not possible.
Antimony(III+V) in surface waters ranged from 0.4-2.6 
nmol/L at North Station (Fig. 4.26), and 0.3-1.2 nmol/L at 
South Station (Fig. 4.27). Highest values of Sb(III+V) 
were generally observed from July to September at North 
Station, and July to October at South Station. Bottom 
water concentrations ranged from 0.4-1.5 nmol/L at North 
Station, and 0.6 to 1.6 nmol/L at South Station. Antimony 
(III) was non-detectable for most of the sampling periods. 
Total inorganic antimony concentrations for some estuaries 
in the US, Canada, and Asia were reported by Byrd (1990).
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Concentrations ranged from 0.5-7 nmol/L at mid-salinity 
regions of these estuaries. At the Rappahannock river, 
antimony concentration was reported to be 7.6 nmol/L (Byrd, 
1990). In the Saanich Inlet, antimony exists as Sb(V) 
(1.2-1.4 nmol/L) with 0.01-0.07 nmol/L of Sb(III) (Bertine 
and Lee, 1983). The concentrations seen in this study are 
within the range of values reported for these different 
estuaries.
DISCUSSION
The processes which affect the behavior of redox 
species in the mid-Bay will first be described, after which 
the fluxes that result from these processes will be 
evaluated.
Dissolved Oxygen
The seasonal variation in oxygen is a major 
biogeochemical feature of the mid-Bay. The cycling of 
temperature and salinity have been used to explain this 
seasonality (e.g., Officer et al., 1984; Taft et al.,
1980). With increasing temperature, there is also an 
increase in river discharge from the Susquehanna, the 
largest freshwater source to the Bay. Changes in salinity 
at the mid-Bay are driven by changes in the river discharge 
(Schubel and Pritchard, 1986). The river discharge data 
(Table 4.3) for 1988 show maximum flow in May (54,400 
m3/sec) and minimum flow in October (7,000 m3/sec). This 
is characteristic of mid-latitude rivers (Schubel and
126
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Table 4.3
River discharge3 (m3/sec) data from the Susquehanna River 
















a - data taken from 1988-89 U.S. Geological Survey Water 
Resources Data
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Pritchard, 1986), where there are high flows in late winter 
and early spring and low to moderate flows in the late 
summer and early fall. In agreement with this general 
trend, salinity values in Chesapeake Bay were lowest in 
late winter and early spring, and highest in summer and 
fall (Figs. 4.3 and 4.4).
Since density is a function of temperature and 
salinity, river discharge affects density profiles in 
Chesapeake Bay. According to Officer et al., 1984, a 
higher river discharge will result in stronger 
stratification. Previous works (i.e., Seliger et al.,
1985) have theorized that the concentration of dissolved 
oxygen in the mid-Bay begins to decrease with the onset of 
increased stratification. Anoxia should therefore occur 
during high river discharge. Following this argument, the 
temporal changes in river discharge for this study was 
plotted along with bottom water oxygen concentrations (Fig. 
4.28). Results show that river discharge was highest from 
February 1988 to June 1988, but bottom waters became anoxic 
in July when river discharge was much lower. The degree of 
stratification given in Table 4.1 also shows strong 
stratification from February to June when bottom water was 
oxic. This finding is inconsistent with the reported cause 
and effect relation between stratification and oxygen 
depletion (e.g., Seliger et al., 1985). Accordingly, some 
other reasons may be required to explain the onset of 
anoxia.
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Estuarine circulation pattern for a partially mixed 
estuary consists of a 2-layer flow where the less saline 
upper layer flows downstream and the bottom, saltier water 
moves upstream (Pritchard, 1952). It is analogous to a 
conveyer belt where the rate of bottom flow is driven by 
the rate of river discharge (or surface flow). A faster 
river flow would then produce a corresponding increase in 
bottom flow. As a consequence, the residence time of 
bottom waters will be dependent upon the rate of river 
discharge. The effect of residence time on bottom water 
oxygen can be approximated using the first order equation 
C=CQe”^ ,  where CQ is the initial oxygen concentration, k 
is the rate constant for respiration, and t is the 
residence time. Based on this equation, a long residence 
time would result in lower bottom water oxygen 
concentrations. This was observed in the summer of 1988 at 
mid-Bay (Fig. 4.28), which showed that lower river 
discharge corresponds with lower oxygen in the bottom 
waters. On the other hand, during winter and early spring 
when river discharge was higher, the residence time of the 
bottom waters is shorter. This means that the bottom 
waters are replaced much faster, and in so doing, there is 
less time for oxygen consumption to occur.
In addition to residence time of bottom waters, an 
important process which influences deep water oxygen 
concentration is microbial respiration of organic material 
(Taft et al., 1980; Officer et al., 1984). Respiration is
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Figure 4.28. Temporal changes in river discharge, bottom
water temperature, and bottom oxygen concentration from
February 1988-89.















temperature dependent, with a rate that doubles for every 
10°C rise in temperature (e.g., Aller, 1980a). The 
temporal changes in bottom oxygen concentration and 
temperature are also shown in Fig. 4.28. By considering 
temperature as an indicator of respiration rate, these 
profiles show that as temperatures increase, there is 
decrease in bottom water oxygen. Thus, respiration is 
another factor increasing oxygen demand that leads to 
anoxia. Overall, anoxic conditions in the mid-Bay during 
summer appear to be influenced by the longer residence time 
of bottom waters and increased respiration rates.
Hydrogen Sulfide
The cycling of sulfur is a dynamic process which 
involves reactions in the sediments and water column. The 
reactions that are involved in this process are the 
reduction of sulfate to hydrogen sulfide, oxidation of 
hydrogen sulfide by biotic and abiotic means, and 
authigenic mineral precipitation. In Chesapeake Bay 
sediments, sulfate reduction rates range from 5 mmol/m2-d 
in winter to 60 mmol/m2-d in summer (Cornwell, pers. 
comm.). Similar sulfate reduction rates in summer (55 
mmol/m2-d) were reported by Tuttle et al. (1988). Sulfate 
reduction rates in the water column during summer are lower 
than rates in the sediment, with Tuttle et al. (1988) 
reporting water column rates of 12 to 20 mmol/m2-d. Thus, 
one would expect the sediments to be a larger source of 
hydrogen sulfide than the bottom waters.
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Although porewater gradients predicted hydrogen 
sulfide fluxes in June (see Chapter 3), hydrogen sulfide in 
the water column was only detected in July. This could be 
due to oxidation of hydrogen sulfide by levels of oxygen 
which are non-detectable with the standard Winkler method 
or by other oxidants. Millero et al. (1987) have shown 
that the half times for the oxidation of hydrogen sulfide 
by oxygen is 26+9 hours in seawater (pH = 8, 25°C). The 
half times for the oxidation of the anoxic deep waters of 
the mid-Bay was determined to be 8 minutes (Millero, 1991). 
Photosynthetic and chemosynthetic autotrophs, and 
nanoplankton have also been shown to oxidize hydrogen 
sulfide (Luther et al., 1988). In addition to biological 
oxidation, hydrogen sulfide oxidation can proceed through 
oxidants such as peroxides (Millero et al., 1987), iodate 
(Jia-Zhong and Whitfield, 1986), and the metal oxides 
(Burdige and Nealson, 1986; Aller and Rude, 1988).
Another sulfide loss term is precipitation with 
metals, normally iron. Ion activity products (IAP) 
calculations were done using Fe+2 and S”2 concentrations in 
the bottom waters and activity coefficients from Davison 
(1980). Comparisons between IAP calculations and the 
solubility product for FeS (7.9xl0“19 moles/L; Morel, 1983) 
show that the bottom waters are saturated with respect to 
iron sulfide minerals in summer and thus, precipitation may 
also be an important sink for hydrogen sulfide.
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Nutrients
Nutrient cycling within the water column and between 
the water column and the bottom sediments is a dynamic 
process in estuarine environments. In Chesapeake Bay, the 
effects of nutrient cycling are greatest at mid-Bay because 
phytoplankton productivity and biomass are highest and 
because summer oxygen depletion is most extensive (Flemer, 
1970; McCarthy et al., 1977; Schubel and Pritchard, 1986). 
Thus, decrease in nitrate concentration from June to July 
at mid-Bay stations {Figs. 4.10-4.11), especially at the 
surface waters, may be due to biological uptake. The 
corresponding increase in nitrite concentration could be 
due to nitrite excretion by phytoplankton during nitrate 
assimilation (Carlucci et al., 1970) or bacterial oxidation 
of ammonia to nitrite (McCarthy et al., 1984). In the 
bottom waters at North and South Stations, there was no 
nitrate detected from June to September. Since there was 
no oxygen during these months, these results are consistent 
with those from other anoxic systems where denitrification 
has removed nitrate (e.g., Richards, 1965; Nixon and 
Pilson, 1983). This nitrate removal may also affect 
surface water concentrations via mixing. The increase in 
ammonia concentration in the bottom waters during summer is 
also consistent with observations in other anoxic systems 
(e.g., Nixon and Pilson, 1983).
The increase in surface water phosphate concentration 
during spring may result from increased freshwater inputs
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at this time of the year (e.g., Correll, 1987). In bottom 
waters, phosphate concentrations increased from winter to 
summer. This increase could result from respiration 
processes in the water column, dissolution of metal oxides, 
or from sediment sources. Using Redfield stoichiometry 
(N:P ratio of 16:1) in same way as Chapter 3, phosphate 
produced from remineralization processes was calculated 
from bottom water ammonia concentrations. The "predicted" 
phosphate values were then compared to bottom water 
phosphate concentrations (Table 4.4) . Overall, phosphate 
concentrations in the bottom waters were lower than the 
"predicted" values for winter. The loss in phosphate for 
this period can be explained by metal oxide scavenging. 
However, for the remainder of the year "predicted" and 
bottom water phosphate concentrations at North and South 
Stations were similar. This indicates that the release of 
phosphate was associated with remineralization of organic 
matter in the bottom waters or diffusion from the 
sediments. With respect to these sources, elevated benthic 
fluxes of phosphate during summer (Chapter 3) indicate that 
the sediments can be a significant source of phosphate to 
the bottom waters.
In surface waters, the fluctuation in silicate 
concentrations may be a combination of the influence of 
river inputs, diatom uptake, and dissolution of biogenic 
silica. Similar to other nutrients (e.g., nitrate and 
phosphate), silicate concentrations increased with high
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Table 4.4
Comparison of bottom water phosphate concentrations and 
phosphate concentrations predicted from stoichiomtrya
(in fimol/L)
North Station
Month Predicted Phosphate Bottom Water Phosphate
Feb 88 0.26 0.02
Apr 0.30 0.13
Jun 0.74 0.22
Jul 6 1.0 0.96




Feb 89 0.30 0.19
South Station
Month Predicted Phosphate Bottom Water Phosphate
Feb 88 0.16 0.18
Apr 0.19 0.02
Jun 0.91 0.24
Jul 7 1.4 1.4




Feb 89 0.18 0.19
a - used bottom water ammonia concentrations and N:P ratio 
of 16:1
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riverine inputs (Figs. 4.18, 4.19, and 4.28). In spring, 
there was a decrease in surface silicate concentration 
(Figs. 4.18 and 4.19) which could be due to increased 
uptake by diatoms (D'Elia et al., 1983). The increase in 
bottom water silicate concentration during summer may be 
due to dissolution of biogenic silica in the water column 
or from elevated benthic fluxes of silicate (Chapter 3) at 
this time of the year.
Flux Estimates
The processes affecting nutrient behavior in the water 
column that have just been discussed can influence also 
estuarine fluxes. In order to evaluate the importance of 
water column processes, standard analytical estuarine 
models (Boyle et al., 1974; Liss, 1976; Officer, 1979) were 
used to estimate riverine, removal, input, and estuarine 
fluxes of nutrients in the northern Bay at different times 
of the year. According to these models, fluxes are 
calculated by assuming a one-dimensional estuary, steady 
state, and tidally-averaged conditions. The advection- 
diffusion equation used to describe the net flux (F) of a 
dissolved constituent (C) measured along a distance x is 
given as:
F = RC-kj^A (dC/ dx) (1)
where R is the river flow rate, kx is the longitudinal 
dispersion coefficient and A the cross-sectional area of 
the estuary normal to the flow. The steady state, one 
dimensional continuity equation for a conservative
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parameter like salinity is given by
RS-kj^A (dS/dx) =0. (2)
Thus, the flux equation (1) can now be written as
F = R(C-S(dC/dS)). (3)
The expression (C-S(dC/dS)) is termed C*, the effective 
riverine end-member concentration. C* is essentially the 
concentration calculated by extending a tangent (dC/dS) to 
the concentration-salinity curve at the seawater end back 
to zero salinity. This intercept represents the riverine 
concentration that would produce the observed concentration 
at the higher salinity end-member if only conservative 
mixing were occurring (Boyle et al., 1974; Kaul and 
Froelich, 1984). When the actual river concentration, CQ, 
is equal to C*, there is conservative mixing. 
Correspondingly, if C* is less than or greater than CQ, 
then removal or addition has occurred during mixing (i.e., 
non-conservative behavior).
At steady state, the sum of riverine flux, and the net 
input and removal fluxes within the estuary give the flux 
out of the estuary to the ocean (i.e., Fr^v + F^np + Frem = 
Fest). Riverine flux (Fr j_v) is obtained by multiplying CQ 
by the rate of river discharge (R), and flux out of the 
estuary (Fest) is given by RC*. In surface water profiles, 
the temporal variations in the concentrations of the 
freshwater end-member can cause convex or concave curvature 
in a mixing diagram when mixing is in fact conservative. 
Because of this potential artifact, data were corrected for
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fluctuations in riverine concentrations using the model of 
Officer and Lynch (1981).
This end-member corrected, mixing model was used to 
determine fluxes at the northern Bay from the Susquehanna 
River (76°18'E, 39°40'N) to just north of the mouth of the 
Potomac (76°14'E, SB^'N). The Susquehanna was used as the 
river end-member since it supplies approximately 87% of the 
total freshwater input to this portion of the Bay (Schubel 
and Pritchard, 1986). In addition, the Susquehanna River 
is an important source of nutrients to the upper part of 
Chesapeake Bay (Fisher et al., 1988). It contributes more 
than 70% of the total nitrogen and 65% of the total 
phosphorus from all riverine sources to the upper Bay 
(Schubel and Pritchard, 1986). Nutrient concentrations 
that were used to calculate these fluxes were obtained from 
the 1988 EPA Chesapeake Bay Monitoring Program.
The surface water nitrate, nitrite, ammonia, 
phosphate, and silicate transects for winter (February 
1988) and summer (July 1988) are shown in Figs. 4.29 and 
4.30 to illustrate seasonal changes in nutrient behavior. 
The nutrient profiles show a combination of input, removal, 
and conservative mixing. Nitrate displayed removal during 
winter and summer. There was input of nitrite in winter, 
but removal in summer. Ammonia displayed production for 
both winter and summer. There was consumption of phosphate 
in winter and production in summer. Silicate was 
conservative in winter, but displayed production in summer.
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Figure 4.29. Surface water nutrient concentrations vs.
salinity at the northern Bay in February 1988.
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Figure 4.30. Surface water nutrient concentrations vs.
salinity at the northern Bay in July 1988.





















(l/ioiitr/) â Dĵ iN ( l / jo u i r f )  a?uiiN (l/loiur#) oiuoiuiuy
140
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
^
Using the analytical models described above, fluxes were 
calculated for each of the nutrient profiles. The temporal 
changes in fluxes for nitrate, nitrite, ammonia, phosphate 
and silicate are given in Table 4.5. The results in Table 
4.5 support the qualitative observations given above.
Since nitrogen exists in multiple forms, an estimate 
of dissolved inorganic nitrogen (DIN = NH3 + N02 + N03) 
flux balance was determined using fluxes calculated from 
the model; results are shown in Table 4.6. Based on a 
time-integrated average, the most abundant form of nitrogen 
in riverine inputs was nitrate (92% of DIN), while ammonia 
was 6% and nitrite was 2% DIN. On the other hand, the DIN 
flux out of the northern Bay into the lower Bay was 55% 
nitrate, 38% ammonia, and 7% nitrite. Thus, virtually half 
of the riverine nitrate was removed in the northern Bay. 
From values, the amount of nitrate lost (-34
moles/sec) was about equal to the ammonia (+26 moles/sec) 
plus nitrite (+4.4 moles/sec) produced. This suggests that 
most of the nitrate removed by biota is regenerated as 
nitrite and ammonia within the time scales of these 
profiles. Overall, the DIN flux from the rivers into the 
northern Bay is almost balanced by the flux out of this 
portion to the lower part of the estuary. The small 
difference could be loss due to denitrification, where 
nitrate is converted to gaseous nitrogen or nitrous oxide 
(Kemp et al., 1990). Based on these estimates, very 
little, if any, of the DIN is retained in the northern Bay.
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Table 4.5
Nutrient Fluxes (moles/sec) in Northern Chesapeake E 
Nitrate
Date F • n v Fest prem F • inp Fint
Feb 88 97 52 -45 0 -45
Apr 88 91 115 0 24 24
Jun 88 54 97 -8 51 43
Jul 6 88 73 4 -69 0 -69
Jul 19 88 79 4 -75 0 -75
Aug 88 53 14 -39 0 -39Sep 88 45 2 -43 0 -43Oct 88 50 3 -47 0 -47Dec 88 64 18 -46 0 -4 6
Avga 66 43 -34
Nitrite
11 -23
Date Friv Fest Frem F • inp Fint
Feb 88 0.7 1.8 0 l.l 1.1Apr 88 1.4 1.4 0 0 0
Jun 88 1.0 0.2 -0.5 0 -0.8
Jul 6 88 3.2 0.7 -2.5 0 -2.5
Jul 19 88 1.8 2.8 0 1.0 1.0
Aug 88 1.7 1.5 -0.2 0 -0.2Sep 88 1.5 29 0 28 28
Oct 88 0.8 7.9 0 7.1 7.1
Dec 88 0.4 2.9 0 2.5 2.5
Avga 1.4 5.2 -0.4
Ammonia
4.4 -4.0
Month F • rriv Fest prem F • inp Fint
Feb 88 10 20 -1.7 12 10
Apr 88 2.8 60 0 57 57
Jun 88 0.8 12 0 11 11
Jul 6 88 1.5 20 0 18 18
Jul 19 88 3.0 44 0 41 41
Aug 88 12 56 0 44 44Sep 88 0.6 7.2 0 6.6 6.6
Oct 88 0.4 24 0 24 24
Dec 88 3.6 19 -2.3 18 15
Avga 4.0 30 -0.4 26 25
142
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 4.5 (continued)
Phosphate
Month F • rxv Fest
Feb 88 0.6 0.1
Apr 88 0.3 0.3
Jun 88 0.1 1.2
Jul 6 88 0.1 1.4
Jul 19 88 0 2.2
Aug 88 0.2 2.7
Sep 88 0.1 1.3
Oct 88 0.1 1.4
Dec 88 0.3 0.7
Avga 0.2 1.2
Month Friv Fest
Feb 88 69 69
Apr 88 79 79
Jun 88 22 126
Jul 6 88 18 239
Jul 19 88 25 255
Aug 88 36 185
sep 88 13 126
Oct 88 7.6 84

























a Time integrated average of the fluxes
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Table 4.6
Estimated DIN (Dissolved Inorganic Nitrogen) 
fluxes (moles/sec)
F • rxv Fest F'rem F •'inp Fint
Nitrate 66 (93%)a 43 (55%) -34 11 -23
Nitrite 1 (1%) 5 (6%) 0 4 -4
Ammonia 4 (6%) 30 (38%) 0 26 2
DINb 71 78 -34 41 -25
a - Percent DIN in parenthesis
b - DIN is the sum of nitrate, nitrite, and ammonia.
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This observation is in agreement with calculations made by 
Nixon (1987), who reported that only 3-6% of the nitrogen 
brought into the Bay is retained.
In winter and spring, phosphate flux in the northern 
Bay is almost conservative with a slight removal in 
February and slight input in December (Fig. 4.5). The 
slight removal in spring may be due to biological uptake. 
However, from June to October, the flux of phosphate out of 
the Northern Bay to the lower Bay is five times the 
riverine flux (Table 4.5). The phosphate produced in the 
northern Bay may be due to regeneration processes in the 
water column or may come from benthic sources. This will 
be further discussed below.
The flux of silicate out of the northern Bay was the 
same as the riverine flux during winter (December,
February) and early spring (April), indicating conservative 
behavior. This means that the silicate removed by biogenic 
opal formation within the estuary is redissolved and 
released quantitatively to the water column. In summer, 
the flux of silicate out of the Northern Bay exceeded the 
riverine flux by a factor of 3. This implies that other 
sources of silicate (such as the sediments) contributed to 
its production. Again, this will be discussed in the 
following paragraph.
To determine if inputs of these nutrients were 
supported by sediment sources, a comparison was made 
between nutrient production (F^n .̂) and benthic fluxes from
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Chapter 3 (Table 4.7). Benthic fluxes (in jimol/m2-hr) were 
multiplied by the area enclosing both North and South 
Stations (605 km2) so that fluxes in this region would 
represent the sediment-water exchange rates in the mid-Bay. 
From these comparisons, the benthic and internal fluxes for 
ammonia and phosphate compare well. On a percentage basis 
([avg.benthic f lux/F^n^.]xl00), 100% of the non-conservative 
production of phosphate in the water column can be provided 
by benthic sources for the one year period. Benthic 
sources also supported the non-conservative production of 
ammonia (100%) in summer, but in winter less than 100% (25- 
66%) of the ammonia produced comes from the sediments. 
Unlike phosphate and ammonia, the benthic flux of silicate 
during summer represented less than 50% of the silicate 
produced in the mid-Bay. These estimates emphasize the 
importance of sediment-water exchange as a source of 
ammonia and phosphate to the surface waters, but showed 
that sediments are a smaller contributor of silicate to the 
water column.
Metals and Metalloids
In addition to oxygen, nitrate, and sulfate, electron 
acceptors such as iron and manganese oxides are used in the 
decomposition process in the mid-Bay. Of the two metal 
oxides, manganese oxides are reduced at a higher redox 
potential than iron oxides, and are generally more 
favorable as an electron acceptor for organic matter 
oxidation (e.g., Berner, 1980). There was an indication of
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Table 4.7
Comparison of internal fluxes (moles/sec) and benthic 
fluxesa (moles/sec) taken at North and South Stations
Ammonia
Month Fint Benthic fluxNorth Stn South Stn
Feb 10 37 (>100%)D 7 ( 66%)
Apr 57 64 (>100%) 14 ( 25%)Jun 11 108 (>100%) 20 (>100%)
Jul 6 18 46 (>100%) 44 (>100%)
Jul 19 41 40 ( 98%) 34 (>100%)Sep 7 7 { 100%) 85 (>100%)
Oct 24 87 (>100%) 26 (>100%)
Dec 15 25 (>100%) 17 (>100%)
Phosphate
Month Fint Benthic fluxNorth Stn South Stn
Feb -0.5 0.5 (>100%) 0.2 (>100%)
Apr 0 3.6 (>100%) 0.02 (>100%)
Jun 1.1 8.9 (>100%) 3.2 (>100%)
Jul 6 1.3 3.5 (>100%) 4.5 (>100%)
Jul 19 2.2 3.6 (>100%) 3.2 ( 100%)
Sep 1.2 0.9 ( 75%) 9.8 (>100%)
Oct 1.3 2.2 (>100%) 3.4 (>100%)
Dec 0.4 3.0 (>100%) 4.2 (>100%)
Silicate
Month Fint Benthic fluxNorth Stn South Stn
Feb 0 6.3 (>100%) 4.0 (>100%)
Apr 0 12 (>100%) 5.1 (>100%)
Jun 104 22 ( 21%) 21 ( 20%)
Jul 6 221 9.5 ( 4%) 13 ( 6%)Jul 19 230 23 ( 10%) 35 { 15%)Sep 113 14 ( 12%) 28 ( 25%)
Oct 76 5.1 ( ?%) 15 ( 19%)Dec 0 13 (>100%) 14 (>100%)
a - Actual benthic flux numbers from Table 3.3
multiplied by the area (605 km2) enclosing both 
North and South Stations.
b - In parenthesis are percent internal fluxes 
(Benthic/Fint)
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this behavior in the bottom water iron and manganese data 
shown in Fig. 4.31. When nitrate becomes depleted in June, 
dissolved manganese started to increase and reached maximum 
concentrations in July. The maximum in bottom water iron 
concentrations occurred in September after manganese 
concentrations had decreased. These results show that 
these metals are involved in redox cycling in the Bay.
The mixing model described above was used to estimate 
Fint f°r iron and manganese. The estuarine transect data 
used for these calculations (Fig. 4.32) were from July 1986 
(data courtesy of E. Sholkovitz). The results in Table 4.8 
show non-conservative, estuarine production of iron and 
manganese in the northern Bay. The internal estuarine flux 
(Fint) was compared with the range of benthic fluxes at 
North and South Stations (Chapter 3). Results show that 
100% of the iron and manganese flux could be provided by 
inputs across the sediment-water interface.
The cycling of arsenate has been shown to parallel 
that of phosphate in many respects (e.g., Andreae, 1978; 
Sanders and Windom, 1980). This is based on simple 
periodic properties and known biochemical reactions of 
these two constituents. The concentration of bottom water 
arsenic and phosphate for North and South Stations did show 
this similarity (Fig. 4.33), where maximum concentrations 
for both constituents occurred in the latter part of July. 
The amount of arsenate remineralized through decomposition 
of organic matter was approximated using •'predicted"
148
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Figure 4.31. Bottom water nitrate, manganese, and iron 
concentrations at North and South Stations.
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Figure 4.32. Surface water iron, manganese, arsenic, and 
antimony concentrations vs. salinity at northern Bay in 
July 1986.
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Comparison of internal fluxes and benthic fluxes for 
iron, manganese, total arsenic, and total antimony
(in moles/sec)
Month Fint Benthic Flux Range3
Iron
Jul 0.09 -0.02 - 1.3
Manganese




Jul 0 -7xl0”5 - 7x10
a - Benthic flux values (from Table 3.3) at North and
South Stations multiplied by the area enclosing both 
stations.
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Figure 4.33. Bottom water phosphate and total inorganic 
arsenic at North and South Stations.
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phosphate concentrations (Table 4.4) and the As/P04 ratio 
of 7xl0-3 (Andreae, 1979; Sanders, 1985). The "predicted" 
arsenate concentrations were then compared to bottom water 
arsenate values (Table 4.9). In winter, "predicted" 
concentrations were higher than bottom arsenate values, but 
in summer bottom water arsenate concentrations were higher 
than "predicted" values. These results show that in 
winter, the arsenate lost may be due to scavenging by the 
metal oxides, and during summer the excess arsenate may be 
released from dissolution of these oxides. This excess 
arsenate was correlated with dissolved iron and manganese 
in the bottom waters. Good correlations were obtained at 
North (0.9359, n=4) and South (0.8407, n=4) Stations during 
summer (July to October). Excellent correlation was 
obtained for excess arsenate and bottom water manganese 
concentrations at South Station (0.9889, n=4), but not for 
North Station (0.3598, n=4). These results indicate that 
in addition to organic matter remineralization, arsenic can 
also be affected by the cycling of iron and manganese.
Unlike arsenic, antimony is mainly affected by the 
cycling of metal oxides (e.g., Froelich et al., 1985). 
Correlations coefficients of 0.7536 (n=4; North Station) 
and 0.6529 (n=4; South Station) were calculated for 
antimony and iron, while correlation coefficients of 0.9943 
(n=4; North Station) and 0.2720 (n=4; South Station) were 
determined for antimony and manganese for the stammer months 
(July to October). These results indicate that in summer,
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Table 4.9
Comparison of bottom water arsenate concentrations and 
arsenate predicted from stoichiometrya (in nmol/L)
North Station
Month Predicted Arsenate Bottom Water
Feb 88 1.8 1.3Apr 2.1 1.3
Jun 5.2 5.2
Jul 6 7.0 12.4




Feb 89 2.1 1.4
South Station
Month Predicted Arsenate Bottom Water
Feb 88 1.1 2.0
Apr 1.3 0.3
Jun 6.4 3.2
Jul 7 10.0 12.6




Feb 89 2.1 0.8
a - used predicted bottom water phosphate concentration 
(Table 4.4} and the As/PO^ ratio of 7x10
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antimony could have also been released with iron and 
manganese when conditions in the mid-Bay were more 
reducing.
Internal fluxes (F^^) for total As and total Sb were 
estimated as described above. The estuarine transects of 
arsenic and antimony were taken in July 1986 in the 
northern Bay (Fig. 3.32). Results of the mixing model show 
that both metalloids were conservative during that period 
(Table 4.8). However, benthic flux data indicate that 
arsenic and antimony diffused from the sediments in July. 
This could be an overestimate since fluxes were calculated 
from porewater data. Another possible explanation is that 
the signal from the benthos or that due to water column 
processes (organic matter decomposition, metal oxide 
cycling) is very small relative to physical mixing.
SUMMARY
In this chapter, it has been shown that the 
variability in concentration of redox species are affected 
by in situ reactions and sediment-water exchange. The 
importance of benthic sources has been quantified in 
Chapter 3. A comparison between benthic and input fluxes 
was undertaken to determine if production of redox species 
were supported by benthic sources (Tables 4.7 and 4.8). 
Benthic and input fluxes for ammonia and phosphate are 
similar which indicates these nutrients were provided by 
sediment sources. There was no contribution of silicate
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from the sediments in winter and early spring, and in 
summer and fall, the flux of silicate from the sediments 
was only a small percent of the estimated production. The 
sediments are also an important source of iron and 
manganese to the water column inventory. Although there 
was a benthic source of arsenic and antimony, this was not 
manifested as an input flux in the surface waters. Thus, 
these results, show that in situ reactions and sediment- 
water exchange affect redox species. However, the 
mechanism by which these processes operate in the bottom 
waters remain unclear. This issue will be addressed by the 
short-term study in the next chapter.
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chapter 5
Short-term Time Series 
INTRODUCTION
As shown in Chapter 4, one way to study the behavior 
of chemical species as they are transported in an estuary 
is by taking surface water samples along the salinity 
gradient, modeling the concentration profile, and then 
calculating fluxes or mass balances (e.g., Kaul and 
Froelich, 1984). Such an approach assumes a one­
dimensional estuary, as well as steady state and tidally 
averaged conditions; thus, this method is independent of 
time. In Chapter 4, it was also shown that sediment-water 
exchange is an important source of nutrients to the water 
column. When benthic inputs to the water column are 
considered, an examination of vertical transport processes 
is needed. In order to examine vertical transport, depth 
profiles should be taken, but then time-dependency is 
introduced as a variable (e.g., tidal movement alters 
vertical profile). The time-dependency of a redox species 
is shown by the hourly changes in bottom sulfide within a 
38-hour period (from preliminary studies in Chapter 1). 
Assuming sulfide concentrations in the upper water column 
are uniformly non-detectable, temporal variability in 
bottom concentrations cause vertical gradients to change 
dramatically. This variability makes flux calculations
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questionable and complicates the study of estuarine 
behavior in general.
In addition to the traditional approaches to studying 
the general estuarine behavior of chemical species, it is 
important to examine the processes that cause short-term 
variations in concentration. These processes include 
sediment-water exchange, in-situ biogeochemical reactions 
in the water column, and advective transport (Fig. 1.1).
To address this question, short-term time series 
measurements using a Lagrangian drogue and a fixed marker 
were conducted to determine the relative importance of 
these processes. In addition, benthic fluxes were used to 
quantify sediment-water exchange.
RESULTS
Drogue and Fixed Position data
The drogue was deployed at 22 m during slack tide on 
August 2, 1988, and was followed for two days (two tidal 
periods). The path followed by the drogue is shown in Fig. 
5.1. It was deployed at Fixed Station (F in Fig. 1.9) and 
traveled approximately 4 km north and 2.6 km south of this 
station. This path suggests a net northward flow of bottom 
waters, characteristic of estuarine circulation. In 
partially mixed estuaries such as the Chesapeake Bay, a 
mean two-layer flow exists in which the freshwater upper 
layer flows seaward and the bottom, saltier layer travels 
from the ocean towards the head of the estuary.
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Figure 5.1. Path followed by the drogue from August 2- 
1988.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The periodicity in the drogue's trajectory, as 
indicated by its change in direction every 6 hours, are 
consistent with tidal movement in the Bay. However, 
deviations from this behavior occurred when the drogue 
drifted into shallower waters and grounded at 19, 27, and 
37 hours of deployment (Fig. 5.1). Every time the drogue 
went aground, it was redeployed in deeper waters. By using 
the movement of the drogue, it was possible to obtain an 
estimate of current velocities. Velocity was calculated 
from the distance traveled by the drogue over the time 
period between sampling (Velocity = Distance/Time).
Positive signs were assigned to upstream (northward) 
movements and negative signs for downstream (southward) 
directions. Figure 5.2 presents current velocities 
calculated every two hours for a period of 48 hours. 
Superimposed upon these are predicted velocities obtained 
from NOAA Tidal Current Tables (1988). There is a strong 
similarity between these two profiles both in variability 
and in magnitude. This indicates that movement of the 
drogue was mainly influenced by the tidal currents. The 
tides in the Bay are semi-diurnal (Wang, 1980) and from 
August 2-4 1988, the tides had a period of 12.50 hours.
The average tidal velocities were +33 cm/sec (+1.2 km/hr) 
during flood (upstream) and -25 cm/sec (-0.9 km/hr) during 
ebb (downstream). The larger magnitude of tidal velocity 
during flood than ebb is consistent with the net northward 
flow of bottom waters in the Bay. These averages are
160
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Figure 5.2. Current velocity (calculated from distance 
traveled by the drogue over time period between sampling) 
and predicted tidal currents for August 2-4, 1988.
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within the range (25 to 100 cm/sec) reported by Itsweire 
and Phillips (1987) in the mid-channel of the Bay, with the 
strongest currents being at the mouth and head of the Bay.
The time series data for salinity, hydrogen sulfide, 
ammonia, phosphate, silicate, iron, manganese, arsenic, and 
antimony from the Lagrangian (drogue) and Eulerian (fixed 
position) studies are shown in Figs. 5.3-5.11. There 
appears to be more variability in concentration at the 
fixed marker than the drogue, especially for hydrogen 
sulfide (Fig. 5.4), iron (Fig. 5.8), and manganese (Fig. 
5.9). The frequency of the variations at the fixed marker 
suggests tidal periodicity. For example, the periodicity 
of the peaks in sulfide concentration closely correspond to 
a tidal period. The range and average concentration of all 
these chemical species are presented in Table 5.1. For 
both data sets, the average and range of salinity are 
similar. Based on relative standard deviation of the 
concentrations, there was more variability in hydrogen 
sulfide, phosphate, manganese, and antimony concentrations 
than ammonia, silicate, iron and arsenic for the two data 
sets. A mean increase was observed in the time series for 
ammonia and phosphate as shown in Figs. 5.5 and 5.6, 
respectively. On the other hand, there was a mean decrease 
in salinity (Fig. 5.3) and silicate concentrations (Fig. 
5.7) over the two day period.
Statistical evaluation of Time Series data
Based on the good comparison between predicted tidal
162
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Figure 5.3. Time series of bottom water salinity
from the drogue and fixed marker. Taken August 2-4,
1988. S = slack tide
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 5.4. Time series of bottom water hydrogen sulfide
from the drogue and fixed marker. Taken August 2-4, 1988.
S = slack tide
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 5.5. Time series of bottom water ammonia
from the drogue and fixed marker. Taken August 2-4,
1988. S = slack tide
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Figure 5.6. Time series of bottom water phosphate
from the drogue and fixed marker. Taken August 2-4
S = slack tide
1988.
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Figure 5.7. Time series of bottom water silicate
from the drogue and fixed marker. Taken August 2-4, 1988.
S = slack tide
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Figure 5.8. Time series of bottom water iron
from the drogue and fixed marker. Taken August 2-4, 1988.
S = slack tide
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Figure 5.9. Time series of bottom water manganese
from the drogue and fixed marker. Taken August 2-4, 1988.
S = slack tide
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Figure 5.10. Time series of bottom water total arsenic
from the drogue and fixed marker. Taken August 2-4, 1988.
S = slack tide
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Figure 5.11. Time series of bottom water total
antimony from the drogue and fixed marker. Taken August
2-4, 1988. S = slack tide
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Table 5.1
Range and Average Concentrations from the 







15.7 ± 0.2 (1.5% RSD)
Sulfide ND - 6.3 /xmol/L 2 . 0 + 1 . 8 ( 87% RSD)
Ammonia 12.7 - 24.7 /xmol/L 18.9 + 3.3 ( 2 0 % RSD)
Phosphate 0 . 2 - 1 . 6 /xmol/L 0.9 + 0.4 ( 46% RSD)






ppt 15.6 ± 0.2 (1 .6 % RSD)Sulfide ND — 4.7 /xmol/L 0.9 + 1.3 (137% RSD)Ammonia 9.2 - 21.9 /xmol/L 17.0 + 4.0 ( 23% RSD)
Phosphate 0 . 1 - 1 . 2 /xmol/L 0.7 + 0.4 ( 48% RSD)
Silicate 27.1 - 48.5 /xmol/L 36.8 + 5.6 ( 15% RSD)Iron 1 . 6 — 4.1 /xmol/L 2 . 6 ± 0 . 6 ( 23% RSD)
Manganese 0.04 - 8 . 2 /tmol/L 5.3 + 2.3 ( 44% RSD)Arsenic 8.3 — 13.7 nmol/L 1 1 . 2 ± 1 . 2 ( 1 0 % RSD)
Antimony 0.41 - 7.6 nmol/L 1.4 ± 1 . 6 (114% RSD)
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currents and those determined from the drogue, it is likely 
that the drogue functioned very well as far as following 
movement of the bottom water mass was concerned. However, 
of more importance is whether the drogue stayed with the 
same parcel of water over the 48-hr period. If the drogue 
stayed with the same parcel of water, then this should be 
manifested by minimal variations in salinity. This, 
however, was not the case as shown by the time series for 
salinity (Fig. 5.2). The variations in salinity could be 
due to advection of other water parcels into the water mass 
which the drogue was supposed to follow.
Because of the potential influence of advection on the 
Lagrangian data, and prior to resolving transport and 
biogeochemical processes from the data sets, statistical 
tests were done to assess whether the data sets obtained by 
both methods of sampling are significantly different. 
Analysis of Variance (ANOVA) procedures using a randomized 
complete block design (Daniel, 1987) were utilized to 
analyze the temporal variations in the drogue and fixed 
position data sets. Results of the tests are given in 
Appendix C. ANOVA showed no difference for ammonia, 
phosphate, silicate, total inorganic antimony, and 
salinity, meaning that there is no statistical difference 
in the results taken by both methods of sampling. This 
indicates that advection past the drogue was sufficiently 
large that it overwhelmed the Lagrangian behavior for these 
chemical species and salinity. However, ANOVA tests showed
173
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statistically different behavior for hydrogen sulfide, 
iron, manganese, and total inorganic arsenic. This is an 
indication that the signal from sediment-water exchange and 
in-situ reactions was not overwhelmed by advection.
To illustrate the effect of transport and in-situ 
processes on the variability of bottom water concentration, 
only those redox species where ANOVA showed statistically 
different behavior were examined; they include hydrogen 
sulfide, iron, manganese, and arsenic. In situ 
biogeochemical reactions and benthic inputs may also be 
important for ammonia, phosphate, silicate, and antimony. 
However, the signal from these processes was overwhelmed by 
advection, thereby hindering further examination.
DISCUSSION
In situ Biogeochemical Reactions and Sediment-Water 
Exchange
In this section, the variability of bottom water 
hydrogen sulfide, iron, manganese, and arsenic 
concentrations will be discussed. Since advection had 
apparently influenced the drogue data set, the time series 
data were only examined qualitatively. The drogue track 
was closely examined using the results from 7 to 17 hours 
(Fig. 5.12). This section corresponds to the period when 
the drogue closely followed the predicted tide, and box 
cores were also taken from this section. The numbers in 
the drogue track correspond to the time when samples were
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taken. The hydrogen sulfide concentrations along this 
track are shown in Fig. 5.12. Two box cores were taken 
along the track of the drogue and the corresponding 
hydrogen sulfide fluxes are given in Fig 5.12. The coring 
sites were approximately 3 km apart and there was an order 
of magnitude difference between the calculated sulfide 
fluxes at these sites (295 /mol/m2-hr and 16 /mol/m2 -hr). 
The fluxes obtained from the drogue track are similar to 
the fluxes from North and South Stations. In summer, the 
maximum flux at North Station (200 /mol/m2 -hr) was similar 
to the higher hydrogen sulfide flux along the drogue track 
while the flux at South Station (1388 /imol/m2 -hr) was an 
order of magnitude higher than these values. There was 
clearly spatial patchiness of the sediments in the mid-Bay. 
From the drogue track, the tide moved the drogue towards 
the South (corresponds to drogue position from 7 to 11 
hours) then northward (corresponds to position from 1 1  to 
17 hrs). There was an increase in bottom water hydrogen 
sulfide from non-detectable to 6  /tmol/L from 7 to 13 hours. 
These hydrogen sulfide increases can be due to sulfate 
reduction in the water column or via diffusion from 
sediments. On the other hand, consumption processes are 
biotic or abiotic oxidation, and authigenic mineral 
precipitation. In the Bay, production of hydrogen sulfide 
via sulfate reduction in the water column varies throughout 
the year, with summer values at approximately 50 to 800 
/mol/m2-hr (Tuttle et al., 1988). The rate of consumption
175
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Figure 5.12. Drogue position, bottom water hydrogen
sulfide concentrations, and benthic hydrogen sulfide fluxes
along the drogue track corresponding to 7-17 hours.
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via oxidation can be calculated as 600 /imol/m2-hr with rate 
constant of 0.03 hr- 1  (in oxic waters; Millero et al.f 
1987) to 104,000 /«nol/2-hr (in anoxic waters; rate constant 
of 5.2 hr-1, Millero, 1991). The rates in anoxic waters 
are faster than oxic waters because of the presence of 
higher concentrations of reduced iron and manganese in 
anoxic waters (Millero, 1991). From Chapter 4, it was 
estimated that bottom waters were saturated with iron 
sulfide during summer. Thus, precipitation can also be an 
important sink for hydrogen sulfide.
The variations in the concentration of hydrogen 
sulfide in a parcel of water marked by the drogue may be 
due to in situ sulfate reduction, sulfide oxidation, and 
diffusion of sulfide from the sediments. Although there 
may be large seasonal variations in these in situ 
production and consumption reactions in the water column, 
it is not likely that these reactions vary in an hourly 
time scale. Assuming rates for these reactions to be 
constant in a short period of time (hourly), and assuming 
consumption of hydrogen sulfide exceed production (also 
shown by the rates above), the variability in hydrogen 
sulfide concentration in a parcel of water can only be due 
to benthic sources. Hydrogen sulfide concentrations during 
the time period 7 to 17 hours supported these assumptions. 
There was an increase in bottom water hydrogen sulfide from 
non-detectable to 6  /imol/L from 7 to 13 hours. During this 
period, the drogue passed over sediments with a high
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hydrogen sulfide flux {295 /imol/in2 -hr). This indicates 
that the water mass gained hydrogen sulfide from a region 
with a high benthic sulfide flux. As the drogue moved 
toward and over lower sulfide fluxing sediments (16 
/xmol/m2 -hr), hydrogen sulfide concentrations decreased 
(corresponds to drogue position from 13 to 17 hours).
These results indicate that hydrogen sulfide sources from 
the sediments are important to the inventory of sulfide in 
the bottom waters.
Knowing the length of time ( 6  hours) needed to 
accumulate hydrogen sulfide in the bottom waters, some 
simple calculations were done to estimate the benthic flux 
required to produce 6  Mmol/L of hydrogen sulfide. 
Calculations show that 1 mmol/m2-hr of hydrogen sulfide 
should diffuse from the sediments to produce this much 
sulfide. This flux is within the range of hydrogen sulfide 
fluxes in the mid-Bay sediments during summer. Thus, it is 
possible to explain an increase in hydrogen sulfide 
concentrations resulting from benthic inputs.
The same qualitative treatment of the drogue data can 
be made for iron and manganese in the bottom waters. As 
with hydrogen sulfide, emphasis was made on the time period 
in the drogue track between 7 and 17 hours. Benthic fluxes 
of iron for the two cores along the drogue track were -0.07 
Mmol/m2-hr (corresponds to drogue position from 7 to 11 
hours) and -0.13 (drogue position from 13 to 17
hours). These fluxes are within the lower range (-0.12 to
178
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8  /xmol/m2 -hr) of iron fluxes during summer from sediments 
at North and South Stations. The negative flux means that 
there was a loss of iron in the water to the benthos. In 
the absence of benthic sources, input of dissolved iron 
could be from dissolution of iron oxides in the bottom 
waters, while consumption of iron may be through oxidation 
reactions and iron sulfide precipitation. Therefore, the 
variations in concentration from 7 to 17 hours (Fig 5.13) 
can only be explained by in situ production and consumption 
processes. Using a range of iron oxidation rate constants 
from the Black Sea (8.3xl0- 5  hr-1; Lewis and Landing, 1991) 
to Biscayne Bay (0.02 hr-1; Millero et al., 1987), it was 
calculated that approximately 2.5-600 jraol/m2-hr of iron 
are consumed in the oxidation process. In addition to 
oxidation, there could also be loss from precipitation.
The range of IAPs for iron sulfide from time period 9 to 15 
hours (when hydrogen sulfide was detectable) was 9.8xl0- 1 5  
- 3.7 x 10**12. These IAP values are higher than the 
reported Ksp of 7.9 xl0~ 1 9  (Morel, 1983). This indicates 
that bottom waters of the mid-Bay were saturated with 
respect to iron sulfide. Due to the unavailability of iron 
oxide concentrations, production of iron from reductive 
dissolution of iron oxide was not determined. However, 
because of the relatively small change in iron 
concentrations for this section of the drogue track, it 
will be assumed that input flux of iron varies very little 
in comparison to the output flux. These results show that
179
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Figure 5.13. Drogue position, bottom water iron
concentrations, and benthic iron fluxes along the drogue
track corresponding to 7-17 hours.
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during summer, the variations in the concentration of iron 
in the bottom waters is determined mainly by in situ 
reactions.
The drogue track of manganese with benthic fluxes from 
the two cores, is shown in Fig. 5.14. Benthic flux values 
were 8.9 /xmol/m2-hr (corresponding to 11-13 hours) and 3.7 
jmol/m2-hr (13-17 hours). These fluxes are within the 
range of fluxes (7-46 jimol/m2 -hr) reported during simmer at 
North and South Stations. The concentrations of manganese 
corresponding to the time period from 7 to 17 hours along 
the drogue track are shown in Fig. 5.14. The variability 
in manganese concentration may be due to in situ 
consumption, production, and sediment-water exchange. 
Consumption of manganese is via oxidation processes through 
biotic or abiotic means. By using an average bottom water 
concentration of 7 /imol/L and oxidation rate constants from 
the Black Sea (4xl0“ 4  hr”1; Landing and Lewis, 1991) and 
the Saanich Inlet (0.3 hr-1; Tebo and Emerson, 1986), it 
was possible to estimate the output flux of manganese. The 
rate of manganese oxidation was calculated to be 28-21,000 
M»ol/m2 -hr. Due to the unavailability of manganese oxide 
concentrations, the production of manganese from reductive 
dissolution of manganese oxides in the water column was not 
estimated. However, some inferences can be made. Since 
benthic fluxes of manganese along the drogue track are 
within the same order of magnitude (Fig. 5.14), the 
variability in concentration may be due mostly to in situ
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Figure 5.14. Drogue position, bottom water manganese
concentrations, and benthic manganese fluxes along the
drogue track corresponding to 7-17 hours.
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processes in the bottom waters. Thus, the increase in 
manganese concentration from time period 7 to 13 hours 
along the drogue track (Fig. 5.14) may result from greater 
production (from manganese oxide reduction) over loss in 
the bottom waters. However, from 13 to 17 hours, there was 
decrease in manganese concentration, which indicates that 
consumption processes become more important than 
production. These results show that in situ reactions, and 
to a lesser extent, benthic inputs produce the variations 
in the concentration of manganese in the bottom waters.
The drogue track of total arsenic and benthic fluxes 
from two cores along the drogue track are shown in Fig. 
5.15. There was an order of magnitude difference in the 
benthic fluxes of arsenic (13 nmol/m2-hr vs. 0.9 nmol/m2- 
hr) along the drogue track. These fluxes are similar to 
the lower range of total arsenic fluxes (6 - 6 6  /xmol/L) at 
North and South Stations. Similar to hydrogen sulfide and 
manganese, there was an increase in bottom water arsenic 
concentration from 7 to 13 hours and a decrease from 13 to 
17 hours. In situ production and consumption, as well as 
sediment-water exchange can cause variations in arsenic 
concentration at the bottom waters of the mid-Bay. Using 
rates of phosphate production from sulfate reduction rates 
for Chesapeake Bay (Tuttle et al., 1988), and an As(V)/P04  
ratio of 7xl0“ 3  (Andreae, 1979; Sanders, 1985), it was 
possible to estimate how much arsenate is produced as a 
result of organic matter regeneration. Calculations show
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Figure 5.15. Drogue position, bottom water arsenic
concentration, and benthic arsenic fluxes along the drogue
track corresponding to 7-17 hours.
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that 22-37 nmol/m2-hr of arsenate should be produced by 
this process. Arsenate can also be consumed by reduction 
to arsenite. The kinetics of arsenate reduction is slow 
with a rate of 0.05 nmol/m2-hr (rate constant of 1.6xl0“ 5  
in the anoxic region of the Black Sea, Cutter, 1991). Upon 
comparison, the rate of in situ production of arsenate in 
the bottom waters during summer is within the range of 
benthic fluxes of arsenate. Therefore, the variations in 
arsenic concentrations in the bottom waters resulted from a 
combination of in situ production and sediment-water 
exchange.
Advection
If tidal movement is the primary process that can 
affect short-term variability of salinity at a fixed point, 
then the time series data should show typical sinusoidal 
behavior (Officer, 1976). However, results from the 
Eulerian study (Fig. 5.3) showed much more variability in 
the period of salinity. This may be due to processes such 
as gravitational circulation and internal tides which are 
superimposed on tidal oscillations. Internal waves (or 
internal tides) are often generated in response to tidal 
flows over topography. Lateral and longitudinal internal 
tides have been shown to be important in stratified 
estuaries (e.g., Sanford et al., 1990; Jay and Smith,
1990). To illustrate this, as the tide flows over a sill 
in the estuary, it generates lee-waves, and when the tide 
reverses, the waves release and propagate away from the
185
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sill. These events are very energetic and currents from 
these waves might cause the salinity front to oscillate 
backwards and forwards. Thus, the temporal changes in 
salinity may be due to horizontal variations advected past 
the fixed point by these waves. There could also be 
intermittent mixing from the bottom by the locally strong 
currents. The time scales of these turbulent processes was 
estimated using "friction velocity" given by the equation: 
w = (C^u 2 ) 1 / 2  (1 )
where is the drag coefficient and u is the velocity 
above the seabed. Assuming a drag coefficient of 0.0008 
for a wind velocity of approximately 7 knots (Large and 
Pond, 1981), and using the average current velocity of 29 
cm/sec calculated above, w was then found to be 0.82 
cm/sec. Using the ratio H/w where H is the bottom mixed 
layer depth ( 1 2  m, depth below the pycnocline), the time 
scale for this turbulent mixing was calculated to be 1463 
sec (1200/0.82) or about 24 minutes. It is therefore not 
surprising that hourly variations in salinity should be 
observed if bottom mixing is active.
Unlike salinity, the redox species are not 
conservative. Aside from mixing, they are also affected by 
benthic inputs and in situ reactions. Based on the 
discussion in the previous section, benthic inputs control 
the concentration of hydrogen sulfide in the bottom waters, 
and both benthic inputs and in situ processes control 
bottom water arsenic and manganese concentrations.
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However, in situ production and consumption reactions 
control bottom water iron concentrations. The relative 
importance of biogeochemical processes (production and 
consumption) in the bottom waters and spatial heterogeneity 
in benthic fluxes of redox species can therefore establish 
horizontal gradients in concentration. Horizontal 
gradients (dC/dx) for the redox species examined were 
estimated from concentrations along the drogue track 
(corresponding to 0 and 17 hours). This was also the time 
period when the drogue was highly influenced by tidal 
movement. These gradients and the estimated current 
velocity (+33 cm/sec upstream, -25 cm/sec downstream) were 
then utilized to calculate advective flux (u(dC/dx), Table 
5.2). At a fixed point, these fluxes are responsible for 
producing large temporal changes in concentration for the 
different chemical species examined. Concentrations may be 
controlled by in situ biogeochemical processes and 
sediment-water exchange but the variability in 
concentration at a fixed location is clearly dominated by 
advection.
SUMMARY
Estuarine transport and biogeochemical processes occur 
on time scales of hours to days to months. Short-term 
(hourly) measurements were done as an attempt to resolve 
processes which control short-term variability. Results of 
these measurements were examined for hydrogen sulfide,
187
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Table 5.2
Advective Fluxes
Sulfide -4.1 - +5.4 mmol/m2-hr
Ammonia -3.3 - +4.3 mmol/m2-hr
Phosphate -0.3 - +0.4 mmol/m2  -hr
Silicate -5.2 - + 6 . 8 mmol/m2  -hr
Iron -1.9 - +2.5 mmol/m2-hr
Manganese -0.3 - +0.4 mmol/m2-hr
Total Arsenic -1.3 - +1.8 /imol/m2-hr
Total Antimony -4.0 - +5.2 /mol/m2-hr
+ refers to upstream movement
- refers to downstream movement
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iron, manganese, and arsenic. These redox-sensitive 
chemical species were brought in and removed within a tidal 
cycle as seen by the time series measurements. However, 
these redox species are not conservative, they are produced 
in the water column through in situ reactions and sediment- 
water exchange. In the bottom waters, the in situ 
reactions which produce these redox species include sulfate 
reduction (for hydrogen sulfide), dissolution of metal 
oxides (for iron, manganese, and arsenic), and organic 
matter remineralization (arsenic). Processes which consume 
these redox-sensitive species include sulfide oxidation, 
iron and manganese oxidation, iron sulfide precipitation, 
and conversion of arsenic to a more reduced form. 
Sediment-water exchange was found to be an important flux 
for hydrogen sulfide. For manganese and arsenic, both 
benthic inputs and in situ processes are important, This 
was not the case for iron since there was no flux of iron 
from the sediments in this regions.
Due to the differences in the importance of in situ 
consumption and production reactions in the bottom waters, 
and spatial heterogeneity of benthic fluxes in mid-Bay 
sediments, horizontal gradients in the concentrations of 
these redox species were established in the bottom waters. 
From these gradients and the calculated current velocity, 
estimates of advective flux was made. At a fixed position, 
concentration of redox species may be controlled by in situ 
reactions and benthic sources, but the variability in these
189
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concentrations is dominated by advection.
In the next chapter, a quantitative description of 
transport and biogeochemical processes will be made for 
other redox species. In doing so, the relative importance 
of the processes which affect the behavior of redox- 
sensitive chemical species in Chesapeake Bay will be 
evaluated.
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Chapter 6
SUMMARY AMD CONCLUSIONS
Processes Affecting the Behavior of Redox-Sensitive Chemical
Species in Chesapeake Bay
In Chesapeake Bay, the behavior of redox-sensitive 
chemical species are controlled by a complex interaction of 
diffusion from underlying sediments (process 1 ), 
biogeochemical reactions in the water column (process 2 ), 
and advective transport (process 3). These processes (Fig. 
6 .1 ) affect long-term (seasonal) and short-term (hourly) 
variations in the chemical composition of an estuary. The 
purpose of this research was to study the coupling between 
physical and biogeochemical processes, and determine how 
these can in turn affect the fluxes of redox-sensitive 
chemical species through the Bay.
Both long-term and short-term studies were conducted 
to examine processes (1) to (3). The long-term study 
determined the spatial and temporal changes in redox 
conditions and their subsequent effects on the transport, 
distribution, and speciation of redox-sensitive chemical 
species at the mid-Bay. Thus, the long-term study 
described in Chapters 3 and 4 quantified the importance of 
processes (1) and (2). The mechanisms by which processes 
(1 ) and (2 ) operate in the bottom waters were investigated 
in the short-term study (Chapter 5). Furthermore, the 
short-term study evaluated process (3). The following
191
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Figure 6.1. Box model showing the processes which affect 
the behavior of redox-sensitive elements in estuarine 
bottom waters.
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conclusions were drawn from this work:
Redox conditions in the mid-portion of Chesapeake Bay 
are controlled by oxic/anoxic variations in the bottom 
waters. In summer, bottom waters of the mid-Bay become 
reducing. It is suggested that the occurrence of anoxia 
during this period results from increased rates of 
respiration (Chapter 4), and longer bottom water residence 
time brought about by lower river discharge (Chapter 4).
As a result of changing oxic/anoxic conditions in the 
mid-Bay, the cycling of chemical species sensitive to these 
changes are affected. Several redox-sensitive chemical 
species were examined and a quantitative description of 
processes 1 to 3 is given in Table 6.1. The relative 
importance of these processes are discussed for each 
species.
For hydrogen sulfide, there was spatial heterogeneity 
for benthic fluxes in the mid-Bay during summer (Chapters 3 
and 5). Benthic flux accounted for 70% of the total flux 
(benthic flux + bottom water sulfate reduction) of hydrogen 
sulfide in the water column. Sulfide oxidation in the 
water column also represents a significant connumption term 
for hydrogen sulfide cycling. Based on these fluxes, the 
changes in hydrogen sulfide concentration within a parcel 
of water in the bottom waters of the mid-Bay is mainly due 
to benthic inputs. There should then be an increase in 
hydrogen sulfide concentration when this parcel of water 
passes over sediments with high benthic sulfide flux
193
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Table 6.1
Flux Estimates (jimol/m2 -hr) for Redox and Non-Redox 
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r7xl0“ 6y X8 X l O ~ 7
z-0.03 - +0.04
a range of benthic fluxes at North and South Stations 
from June to September 1988 (Chapter 3)
b from concentration gradient multiplied by current
velocity (+ for upstream and - for downstream) 
c range of in situ reduction rates reported by Tuttle et 
al., 1988
d from sulfide oxidation with a rate from 0.03 hr” 1
(Millero et al., 1987) to 5.2 hr” 1  (Millero,
1991)
e estimated from Redfield ratio of 0.3 (I6 NH.3 /SO4 ), 
sulfate reduction rate from b
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> 
*
f estimated from Redfield ratio of 0.02 (1P04 /53S04), 
sulfate reduction rate from b 
g not a redox species
h from dissolution of biogenic silica, rate unknown
i rate assumed to be similar to iron oxidation
(Chapter 5)
j from iron oxidation with rates of 8,3x10”  ̂hr--*- (Lewis 
and Landing, 1991) to 0.02 hr- 1  (Millero et al., 
1987)
k no manganese oxide data
1 from manganese oxidation with a rate of 2.5xl0” 4  hr- 1  
(Lewis and Landing, 1991) 
m from As(V) reduction with a rate of 6.8x10”"̂ hr” 1  
(Cutter, 1991)
n from As(III) oxidation with a rate of 1.25xl0”4 hr” 1  
(Cutter, 1991) 
o advective flux for total inorganic arsenic
p due to oxidation of As(III) with a rate of 4.2xl0” 4
hr- 1  (Cutter, 1991) 
q due to As(V) reduction with a rate of 7xl0” 7  hr” 1  
(Cutter, 1991) 
r from regeneration, used S04 /P04  ratio of 53,
sulfate reduction rate of 4-7 mmol/m -d, and 
As/P04  ratio of 7x10 (Andreae, 1979) 
s may also be released from dissolution of metal oxide,
rate unknown
t from Sb(V) reduction with a rate of 4.6xl0“ 8  hr- 1
(Cutter, 1991)
u from Sb(III) oxidation with a rate of 3.3xl0“ 4  hr” 1
(Cutter, 1991) 
advective flux for total inorganic antimony 
due to oxidation of Sb(III) with a rate of 3.3xl0” 4  
hr” 1  (Cutter, 1991) 
x due to Sb(V) reduction with a rate of 4.6xl0” 8
(Cutter, 1991)
y may also be released from dissolution of metal oxide
reduction, rate unknown 
z salinity gradient multiplied by current velocity,
in ppt-hr” 1
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(Chapter 5).
During summer, ammonia is the most abundant form of 
nitrogen in mid-Bay bottom waters (Chapter 4). Ammonia in 
elevated concentrations results from increased metabolic 
activities in the bottom waters and/or from higher flux of 
ammonia from the sediments (Chapter 3). Upon comparison of 
the input flux (Chapter 4) and benthic flux, approximately 
50 to 100% of the input flux of ammonia is provided by 
sediment sources throughout the year. In summer, 100% of 
this input flux of ammonia is supported by benthic fluxes.
Similar to ammonia, the input flux of phosphate during 
summer is primarily due to sediment sources (100%, Chapter 
4). Porewater phosphate at this time of the year is 
released from organic matter remineralization and the 
dissolution of metal oxides (Chapter 3). Under oxic 
conditions, phosphate can be consumed via adsorption into 
iron oxides (Chapter 3). Similar reactions occur in the 
bottom waters (Chapter 4).
For silicate there is no input flux in winter (Chapter 
4). However, during summer there is production of silicate 
in the water column, which can be from dissolution of 
biogenic silica. Benthic flux of silicate during summer 
(Chapter 3) represents less than 50% of the silicate 
produced in the mid-Bay (Chapter 4). Unlike ammonia and 
phosphate, in situ processes are more important than 
benthic sources for the production of silicate in the water 
column.
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In summer, a negative flux to a small flux of iron 
is observed from sediments at the mid-Bay (Chapter 3).
Thus, iron is produced primarily by the reduction of iron 
oxides in the bottom waters (Chapter 5). However, the 
large consumption flux of iron indicates that it is also 
readily oxidized in the bottom waters. Iron sulfide 
precipitation also consumes dissolved iron. Therefore, in 
situ production and consumption processes are more 
important for the cycling of iron in summer than benthic 
inputs.
In the bottom waters, the net flux of manganese is 
balanced by in situ production (reduction of manganese 
oxides) and in situ consumption (manganese oxidation 
through biotic and abiotic means) (Chapter 5). In summer, 
the input flux of manganese is supported by benthic fluxes 
(100%, Chapter 4). However, unlike other redox species, 
spatial heterogeneity of the benthic fluxes of manganese is 
minimum. Thus, the interaction between in situ processes 
and sediment-water exchange results in the variations of 
manganese concentration in the bottom waters.
Although the metalloids show conservative behavior 
along the salinity gradient during summer, processes such 
as metal oxide cycling, organic matter decomposition, and 
sediment-water exchange can also take place, but the signal 
from these processes may be too small relative to physical 
mixing. Both arsenic and antimony are affected by metal 
oxide cycling in the bottom waters and porewaters, but only
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arsenic show direct correlation with phosphate which 
indicate that it is released from organic matter 
decomposition.
Due to spatial variability in the importance of 
sediment inputs and in situ processes (Chapter 5), 
horizontal gradients are established for different redox 
species. At a fixed location, this gradient of 
concentration is advected upstream and downstream as a 
result of tidal movement. This study therefore, has shown 
that in situ biogeochemical reactions and benthic sources 
control the concentration of a redox species. However, the 
variability in concentration at a fixed point is highly 
affected by advection.
Suggestions for future work
Each estuary is a 'model estuary', with 
characteristics unique to each environment (e.g., high 
organic load, permanently anoxic, large tidal influence, 
large anthropogenic inputs, huge river discharge, etc.).
The processes studied in this research are important to all 
estuaries, however, their relative importance will vary 
depending on the particular characteristics of each 
estuary. If transport and in situ processes are to be 
examined in other estuaries, both Eulerian and Lagrangian 
monitoring should be employed. Such an approach is ideal 
for examining the mechanistic details of the processes 
involved. Based on the experiences gained from this work,
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the following suggestions should be taken into 
consideration before doing similar studies.
In order to integrate and actually simulate the 
different transport and biogeochemical processes, data 
should be taken with the purpose of developing a model.
This model must be able to account for the different 
processes (advection, diffusion, production, and 
consumption) that affect the behavior of redox sensitive 
elements. The model could be utilized as an interpretative 
tool to link these processes and examine their 
relationships. As a requirement, this model should 
simulate time-dependent concentration profiles of some 
redox species. It should also be able to utilize time- 
dependent concentrations and fluxes at both the surface and 
bottom layers as boundary conditions. By specifying 
concentrations as boundaries, it will be possible to verify 
fluxes obtained empirically. The model must not only be 
simulative, but should be capable of testing new ideas. 
Thus, the different scenarios which will be generated by 
the model will help explain the different processes 
operating in an estuary. The model's utility could first 
be proven in simulating processes in Chesapeake Bay, after 
which applications to other estuaries could be made.
The data required to initialize the model would 
include time series measurements of concentration at 
several depths, horizontal gradients of concentration, and 
fluxes or concentrations across the boundaries (e.g.
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sediment-water interface, across the pycnocline). In order 
to obtain a good data set, sampling and experiments should
be designed properly. A crucial aspect of the Lagrangian
study is the design of the drogue. To illustrate, the main 
problem encountered by the drogue with surface marking 
buoys is wind drag. Thus, drogues should be constructed to 
eliminate this flaw. In order to better resolve sediment- 
water exchange, several box cores should be taken along the 
track of the drogue. In addition to calculating fluxes 
using porewater gradients, benthic fluxes should also be 
determined using flux chambers. By doing this, there will 
be better constraints of sediment-water exchange.
Measuring actual in situ production and consumption
reactions during the study should also be done to determine 
a more exact contribution of these processes. In addition, 
discrete vertical profiles of physical parameters should be 
taken to determine the physical processes which may be 
driving the observed variabilities in the chemical 
parameters. These are just some of the important 
recommendations that should be taken into account for 
better resolution of the data set.
This study has shown that the traditional way of 
studying estuarine behavior and estimating fluxes is not 
sufficient. Estuaries are dynamic and complex systems with 
physical and biogeochemical processes occurring 
simultaneously. This has implications on monitoring 
efforts at a fixed location to evaluate the variability of
200
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constituents. The interplay of the different processes 
should be taken into consideration for better interpretation 
of the results from these efforts. While this 
dissertation has answered some questions regarding the 
changing redox environment of Chesapeake Bay, more 
questions have been generated. Hopefully, this research 
has opened up new ideas regarding the different processes 
which may affect the behavior of chemical species not only 
in Chesapeake Bay, but in other estuaries as well.
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Appendix A
Dissolved Oxygen (/mol/L) at North and South Stations 
North Station
Depth (m) Feb Apr Jun Jul6 Jul26 Sep Oct Dec Feb




5 287 119 236 402 399
6
7 27 205
8 359 224 392 333
9 112 163
10 266 0 275
11 127 219 328 310
12 325 196
13 54 51
14 0 58 313 284
15 251 15
16 0 233
17 325 285 281
18 20 0 29 121
19
20 246 0 0 1.6 77 281 287
21 325
22 0 0 78 285
23
24 0 0 0 278 284
25 246
26 325 0 0 85 274
27 0 0
28 243 0 0 0 85 267
2 1 4
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Appendix A (continued)
South Station
Depth(m)Feb Apr Jun Jul7 Jul27 Sep Oct Dec Feb
1 466 363 314 316 233 281 408 399
2 306 237
3 250 221
4 288 237 398
5 360 218
6 457 265
7 163 219 351
8 221 165 274
9 218
10 409 336 84 23 365 312
11 194
12 309 4 16 219 298
13 62 314
14 0 62 10
15 400 259 0 294
16 0 0 154 395
17 4.5 292
18 350 0 0 145 312
19 293
20 251 0 117
21
22 337 5.8 0 0 114 308
23
24 0 0 117
25 245 309
26 336 0 0 0
27 241 8.9 0 0 311
215
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Appendix B
Percent Saturation of Oxygen at North and South Stations 
North Station
Depth(m)Feb Apr Jun Jul6 Jul26 Sep Oct Dec Feb




5 79 44 >100 >100 >100
6
7 10 88
8 92 91 >100 89
9 45 70
10 81 0 97
11 54 89 89 85
12 86 80
13 21 21 24
14 0 58 85 83
15 76 6
16 0 83
17 87 80 82
18 8 0 12 47
19
20 75 0 0 0.7 31 84 84
21 88
22 0 0 31 83
23
24 0 0 0 86 83
25 75
26 88 0 0 34 85
27 0 0
28 74 0 0 0 33 83
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Appendix B (continued)
South Station
Depth(m)Feb Apr Jun Jul7 Jul27 Sep Oct Dec Feb
1 >100 >100 >100 >100 >100 98 >100 >100
2 >100 95
3 94 96
4 >100 85 >100
5 >100 95
6 >100 >100
7 62 95 98
8 89 66 96
9 95
10 >100 >100 34 10 >100 91
11 84
12 97 2 7 78 87
13 27 94
14 0 27 4
15 >100 82 0 86
16 0 0 57 >100
17 2 86
18 94 0 0 54 93
19 86
20 81 0 44
21
22 91 2 0 0 43 94
23
24 0 0 44
25 79 94
26 90 0 0 0
27 78 3 0 0 94
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Appendix C
Analysis of Variance Table for the Randomized 
Complete Block Design
Dependent variable; Salinity
Source SSC d.f .b MS V.R.'
Method 0.03 1 0.03 0.42 0.52
Time 1.36 23 0.06
Residual 1.44 23 0.06
Total 2.82 47
Dependent variable; Sulfide
Source ss d.f. MS V.R. P
Method 16.63 1 16.63 12.04 0.002
Time 74.40 23 3.24
Residual 31.76 23 1.38
Total 122.79 47
Dependent variable; Ammonia
Source SS d.f. MS V.R. P
Method 36.10 l 36.10 4.30 0.05
Time 461.64 23 20.07
Residual 184.86 22 8.40
Total 682.60 46
Dependent variable; Phosphate
Source ss d.f. MS V.R. P
Method 0.28 1 0.28 3.30 0.08
Time 4.85 23 0.21
Residual 1.81 22 0.08
Total 6.94 46
Dependent variable: Silicate
Source SS d.f. MS V.R. P
Method 3.40 1 3.40 0.30 0.59
Time 999.01 23 43.44
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Appendix C (continued)
Dependent variable: Iron
Source SS d.f. MS V.R. P
Method 3.27 i 3.27 6.65 0.02
Time 15.44 23 0.67
Residual 11.32 23 0.49
Total 30.03 47
Dependent variable: Manganese
Source SS d.f. MS V.R. P
Method 32.18 1 32.18 6.23 0.02
Time 112.71 23 4.90
Residual 118.81 23 5.17
Total 263.71 47
Dependent variable: Total Inorganic Arsenic
Source SS d.f. MS V.R. P
Method 10.38 1 10.38 7.43 0.01
Time 45.16 23 1.96
Residual 32.14 23 1.40
Total 87.68 47
Dependent variable: Total Inorganic Antimony
Source SS d.f. MS V.R. P
Method 1.10 1 1.10 3.19 0.09
Time 121.42 23 5.28
Residual 7.59 22 0.34
Total 130.11 46
a - sum of squares 
b - degrees of freedomm 
c - mean square 
d - variance ratio 
e - p value 
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